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FOREWORD

This final report is submitted in compliance _rith the

requirements of NASA Contract NAS 7-519, Article I13

Paragraph D.

@

ABSTRACT

Design criteria relating the cost, reliability, weight, and

performance of spacecraft propulsion systems to total program
or mission cost-effectiveness have been defined in terms of

influence-coefficients. These influence-coefficients can be

used to maintain a balance of the utilization of cost, weight,

or reliability resources between systems, and to establish

criteria for detailed system or component tradeoff analyses.

Total program modeling and use of the resulting design

criteria will allow consistent, definable and traceable

decisions which can be reviewed by program managers or con-

tracting agencies. Prediction techniques, which have been

established by the propulsion industry (under subcontracts)

to determine propulsion costs, reliability, weight and per-

formance, are summarized in Volume II of this report and are

presented in detail in the Appendices of Volumes III, IV and V.

These propulsion data and scaling techniques can be used by the

Government and Industry to establish characteristics of propul-

sion systems for future applications. As an indirect benefit,

the propulsion industry has recognized the need for the type

of data requested under this program -- and are continuing in-

house studies to update the propulsion design and costing

guides.

@
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Volume II

-Summary and Conclusions

- Presentation of Design Criteria and Summary of Capabilities

and Costs of Space Propulsion Systems

The Appendices included in Volumes III, IV and V present design and scaling

characteristics of solid, hybrid, fluid-control, and liquid propellant

propulsion systems.
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(This was a complimentary study completed by

Rocketdyne, and not a part of Contract NAS 7-519)
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- Liquid Rocket Propulsion

TRW Systems Group

- ARES (Advanced Rocket Engine Storable) Space Engine
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Appendix J - Bipropellant Liquid Space Engine

Aerojet-General Corporation

Volume III-A - Detailed Propulsion Scaling and Design Data,
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* Volume V - Restricted (Proprietary) Data from Appendices A-I

____Includes Complete Appendices A, E__and___)
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1.0 PROPULSION STUDY OBJECTIVES

Unmanned space missions planned for the next fifteen to twenty

years include a wide range of propulsion design requirements. Thrust level

varies from tenths of pounds for ACS applications to about 20,000 pounds for

larger spacecraft main thrusters; storability requirements vary from a few

days, to several years for the advanced planetary missions; and propulsion

requirements of the various mission maneuvers vary from multiple restart/

highly throttlable or pulsed operation to single high impulse maneuvers. A

goal of this program was to obtain cost, reliability, and performance data

for as wide a range in propulsion system operating requirements and for as

many design options as possible within the schedule and funding scope of

the contract.

Propulsion systems and subsystems were investigated by propulsion

companies which have direct design, development, and production experience

with those systems; wherever possible, parallel tasks were conducted to

improve confidence in the resulting design and scaling data.

included:

Rocket Research

TRWSystems

Thiokol RMD

Thiokol Chemical

Aerojet SRP

United Technolog3 r Center- Solid and Hybrid Propellants

Lockheed Propulsion

Aerojet LRP

- Monopropellant Liquids

- Monopropellant and Bipropellant Liquids

- Bipropellant Liquids

- Solid Propellants

- Solid Propellants

SGC I069F_-I Page I

Rocketdyne Div. of NAA conducted a parallel study on a non-contractual
basis. Results of these studies were submitted directly to JFL, and are

included as an attachment to Volume V.

Sub contract ors

- Fluid Control Motors

- High P Bipropellant Liquids
C
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A total of approximately 4400 manhours was committed to these subcontracted

investigations; effort on some of the subcontracts far exceeded the fUnded

level.

@

@

2.0 PROPULSION STUDY TASKS

Specific tasks of the subcontracted investigations were divided

into five primary areas;

l) Performance

2) Weight

3) Reliability

4) Costs

5) Sterilization Influences on Design

For each task, the objective was to provide, based on a "reference" propulsion

system or type of propulsion system, the following information:

.
I. Measured or actual data for the reference system;

2. Predicted values for the reference system, using the pre-

diction techniques in (3) below.

3. Prediction techniques for scaling the reference system

to new sizes or operating conditions.

4. Limitations of the prediction techniques.

5. Expected accuracy of the predicted (scaled) characteristics.

In addition, examples of the use of the prediction techniques was requested,

such that misinterpretation would be minimized.

A tabular format was suggested for a summary presentation of the

subcontracted tasks (typical tables provided to the subcontractors are

presented in Figures i through 5).

For example, the L_4DE bipropellant engine was a reference for the TRW

bip_opellant task; spherical solid space motors for Thioko_Chemical; ......

"Common" C-I engine for Reaction Motors; etc.

SGC I069FR-I Page 2
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-3.0 CONTENTS OF THIS VOLUME

® This volume contains the non-proprietary results of the sub-

t

contracted solid, RSVP, and hybrid propulsion system investigations.

APPENDIX A

Aerojet-General's Study of Solid Rocket Propulsion

Systems for Space Applications. This study is in-

cluded in its entirety in Volume V. Due to a

preponderance of restricted data, it is felt that

the non-restricted contents alone would not be of

sufficient utility for separate presentation.

APPENDIX B

Thiokol Chemical Corporation's Study of Spherical

Solid Rocket Propulsion Systems for Space Applica-

tions. Restricted cost data are presented in

Volume V.

@

APPENDIX C

Lockheed Propulsion Company's Study of RSVP Rocket

Propulsion Systems for Space Applications.

Restricted performance, development, and cost data

are presented in Volumes IV and V.

APPENDIX D

United Technology Center's Study of Hybrid and Solid

Rocket Propulsion Systems for Space Applications.

Restricted cost data are presented in Volume V.

@
SGC 1069FR-I Page 8
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The Aerojet Solid Propulsion Study has

tentatively been included in Volume V.

Due to a preponderance of proprietary

data, it is felt that the non-restricted

contents alone would not be of sufficient

utility for separate presentation.

-- APPE_DIX A --

@
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I. INTRODUCTION

The objectives of this study were:

° To derive empirical relationships for the prediction of performance

and weights for spherical solid propellant rocket motors based on

demonstrated performance and weight data;

° to incorporate these empirical relationships into an available com-

puter program, "Mission Fuel Prerequisite," the purpose being to

provide a means of rapidly determining performance and component

weights over a wide size and performance range, using a minimal

number of design parameters;

. to evaluate the impulse reproducibility characteristics of spherical

rocket motors and relate demonstrated total impulse to specified

total impulse for the Surveyor Main Retro (TE-364-1) motor;

4. to describe the design and process controls used to minimize

thrust misalignment and offset on the Surveyor Main Retro motor;

5. to qualitatively assess the effect of sterilization and planetary

quarantine on motor design/performance parameters; and

. to cite the quantity of full duration development and qualification

tests for the Titan Vernier (TE-M-345) and Surveyor Main Retro,

and the reliability estimate at the end of qualification.

During the study, primary emphasis was placed on the modification of the com-

puter program and the compilation of pertinent historical performance and weight data

(items 1 and 2). A complete description of program requirements, options, and in-

put and output formats is presented in Section IV and Appendix B.

. 13



O SUMMARY

Performance and weight statistics of qualified spherical solid propellant rocket

motors are analyzed to obtain empirical relationships between design criteria and

motor configuration. These equations are used to develop a computer program for the

prediction of spherical motor performance and weight based on case, propellant, and

mission parameters.

Total impulse reproducibility and thrust misalignment of the Surveyor Main Retro

are examined, and thrust vector angular dispersion data obtained during qualification are

discussed. Demonstrated reliability figures are presented for the Surveyor Main Retro

and the Titan Vernier Motors and methods for determining the level of reliability are
examined.

A qualitative discussion of the impact of the sterilization requirement on motor

design and performance is presented. Design problems which have been resolved and

those in need of further clarification are delineated.

A trade-off study is performed on a typical spherical motor with various com-

binations of chamber pressure, expansion ratio, and propellant at total impulse levels

from 50,000 lbf-sec to 800,000 lbf-sec.

O

@
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II. MOTOR PERFORMANCE PREDICTION

The family of spherical solid propellant rocket motors developed by the Thiokol

Chemical Corporation for space and upper-stage application typically uses pyrogen

ignition systems with redundant cartridge-type initiators, case-bonded grains of com-

posite propellant, metallic cases, and elastomeric insulation. A single nozzle of con-

vergent-divergent design is usually partially submerged in the combustion chamber.

These design features are illustrated in Figure 1.

Tables I and Il summarize basic performance and Tables III through VI summarize

configuration characteristics of currently available Thiokol spherical motors. The

significant design differences between these motors can be summarized as follows:

1) Length and diameter

2) Propellant formulation (specific impulse and density)

3) Propellant burn rate

4) Propellant volumetric loading density

5) Case material (strength-to-density ratio)

6) Case design safety factor

7) Nozzle expansion ratio and expansion contour

8) Nozzle structural design sophistication

9) Total impulse reproducibility tolerance

10) Thrust alignment and offset tolerance

11) Vehicle attachment design complexity and weight

There also have been vast differences in the amount of qualification testing and

in the quality assurance program requirements.

The equations used for the prediction of spherical motor performance are described

below. The_. are derived from well-lamwn fundamental ballistic and geometric relations

and have i)etm vi:rilicd many times by actual te.st firings.

A PI_OPE [,I,ANT WEIGHT

The propellant weight required to achieve a given total impulse can be

determined from the equation:

Itot
Wp-

Isp
(1)

On the other hand, if the total impulse requirement is unknown, but instead

the gravity-free velocity increment is given, the propellant weight required can be

determined from the total stage weight and the propellant specific impulse:

-2-
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Motor

TE-M-184-3 25.06

TE-M-186-2 40. 1

TE-M-345 13.52

TE-M-345-11 .13.52

TE-M-360 37.0

TE-M-364 37.0

TE-M-364-1 37.0

TE-M-364-2 37.0

TE-M-364-3 37.0

TE-M-375 13.52

TE-M-385 12.8

TE-M-427 13.52

TE-M-442 26.0

TE-M-444 13.52

TE-M-456 15.0

TE-M-458 13.5

TE-M-479 17.4

TABLE I

ROCKET MOTOR SUMMARY

Motor Performance Characteristics

Case Diameter, Total Average

in. Impulse, lbf-sec Thrust, lbf
Average Maximum

Pressure, psi Pressure, psi

129,800 7600 490 585

443,000 16800 595 727

18,200 838 565 607

17,652 841 565 607

414,000 8700 460 590

347,130 8376 481 570

357,000 8930 511 561

402,000 9248 539 600

415,440 8945 598 613

17,300 776 524 565

14,000 2150 790 865

17,875 1066 540 620

140,000 6420 720 785

21,200 1370 855 965

24,500 2500 470 575

18,780 841 500 560

44,500 2290 800 840

-4-
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Motor

TE-M-184-3

186-2

345

345-11

360

364

364-1

364-2

364-3

375

385

427

442

444

456

458

479

O

I

Propellant

TP-H-3034

TP-H-3034

TP-G--3129

TP-C,-3129

TP-H-3062

TP-H-3062

TP-H-3062

TP-H-3062

TP-H-3062

TP-&-3129

TP-L-3014A

TP-H-3109

TP-H-3114

TP-H-3062

TP-L-3098

TP-&-3129

TP-H-3062

TABLE II

ROCKET MOTOR SUMMARY

Motor/Propellant Characteristics

Volumetric

Web Loading

Density, lbs/in. 3 Fraction, _ Density, %

0.063 36 93.0

0.063 36 94.0

0. 0621 60 82.0

0.0621 60 82.0

0. 0626 60 88.0

O. 0626 56 73.5

0.0626 56 76.0

O. 0626 60 85.5

O. 0626 60 95.8

0.0621 60 77.5

0. 0632 60 - 83.5

0.0604 60 85.0

0.0626 61 91.8

0. 0626 62 91.2

0. 0628 50 89.9

0. 0621 62.4 86.0

0. 0626 60 90.0

-5-

Internal

Configurati_

9 Pt. Star

9 Pt. Star

8 Pt. Star

8 Pt. Star

8 Pt. Star

7 Pt. Star

7 1_ '_r

8 P, mr

8 Pt. Star

8 Pt. Star

•8 Pt. Star

8 Pt. Star

8 Pt. Star

8 Pt. Star

7 Pt. Star

8 Pt. Star

8 Pt. Star

22



Motor

TE - M-184 -3

186-2

345

345-11

360

364

364-1

364 -2

364-3

375

385

427

442

444

456

458

479

ROCKET MOTOR SUMMARY

Case Configuration - Materials

Case Material

4130

4130

17-7 PH Cond.

TH-1050 Stain. Steel

17-7 PH Cond.

TH-1050 Stain. Steel

Ladish D6AC

Ladish D6AC

Ladish D6AC

Ladish D6AC

Ladish D6AC

SST 17-7 PH

6 AI-4V Titanium

SST 17-7 PH

Ladish D6AC

Stainless 17-7 Ptl

6 AI-4V Titanium

6 AI-4V 'Fitanium

6 AI-4V Titanium

Material

Thickness_ in.

0.030

0. 030

0.036

0. 036

0. 039

0. 039

0. 039

0. 039

0. 039

0.036

0.04

0. 036

O. 038 (÷0. 006)

O. 036

0. 018

0.036

0.038

Material

Strength, psi

180,000

180, 000

150,000

150,000

200,000

200,000

200, 000

200,000

200, 000

150,000

155,000

150, 000

200,000

150, 000

144,000

144. 000

155. 000

Material

Density, lbs/in. 3

0.283

0.283

0.276

0.276

0.283

0.283

0.283

0.283

0.283

0.276

0.160

0.276

0.283

0. 276

0.160

0.160

0.160

-f;-
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TABLE IV

ROCKET MOTOR SUMMARY

Case Configuration -- Geometry

Nozzle Case Case

Motor Length, in. Diameter, in. Safety Factor

TE-M-184-3 17. 03 25. i 1.4

TE-M-186-2 21.7 40. i 1.5

TE-M-345 7.9 13.5 1.9

TE-M-345-11 6.8 13.5 2.0

TE-M-360 - 37.0 --

TE-M-364 31.1 37.0 1.6

TE-M-364-1 31. 1 37.0 1.6

TE-M-364-2 31. 1 37.0 --

TE-M-364-3 31. 1 37.0 --

TE-M-375 8.0 13.5 2.0

TE-M-385 10. a 12.7 --

TF-M-427 12.4 13.5 --

TE-M-442 14.3 26.0 1.5

TE-M-444 11.9 13.5 1.4

TE-M-456 9.2 15.0 -

TE-M-458 I0.4 13.5 -

TE-M-479 13.8 17.4 _

O
-7-
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Q TABLE V

ROCKET MOTOR SUMMARY

Nozzle Configuration -- Geometry

Throat Expansion Degree of Exit Half

Motor Area, in. 2 Ratio Submergence, % Angle, °

TE-M-184-3 8. 788 13.8 0.0 16.0

TE-M-186-2 19.05 12.8 0.0 18.0

TE-M-345 0. 845 30. 0 28.5 17.0

TE-M-345-11 0.801 22.8 38.1 17.0

TE-M-360 8.5 46.0 - 15.0

TE-M-364 8. 978 53.0 39.8 14.5

TE-M-364-1 8.5 53.0 39.8 14. 5

TE-M-364-2 8.5 53.2 39.8 14.5

TE-M-364-3 8.53 53.0 39.8 14.5

TE-M-375 0. 802 60.0 19.1 17.0

TE-M-385 1.86 23.0 20.6 16.0

TE-M-427 1. 048 48.2 12.5 15.0

TE-M-442 6.55 18.7 31.6 20.0

TE-M-444 0.90 56.0 17.2 17.0

TE-M-456 6.11 9.0 24.5 18. 35

TE-M-458 0. 945 43.3 25.7 17.0

TE-M-479 1.67 53.2 22.8 15.0

Initial Turninl

Angle, °

16.0

18.0

17.0 "

17.0

15.0

25.0

25.0

25.0

25.0

32.0

16.0

15.0

20.0

17.0

18. 35

17.0

25.0

-8-
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Motor

TE-M-184-3

TE-M-186-2

TE-M-345

TE-M-345-11

TE-M-360

TE-M-364

TE-M-364-1

TE-M-364-2

TE-M-364-3

TE-M-375

TE-M-385

TE-M-427

TE-M-442

TE-M-444

TE-M-456

TE-M-458

TE-M-479

TABLE VI

ROCKET MOTOR SUMMARY

Nozzle Configuration -- Materials

Material Body

Fiberite MX-2625

Fiberite MX-2625

Vitreous Silica Phenolic

Vitreous Silica Phenolic

Bulk Carbon Fiber-Phenolic

Bulk Carbon Fiber-Phenolic

Bulk Carbon Fiber-Phenolic

Bulk Carbon Fiber-Phenolic

Bulk Carbon Fiber-Phenolic

Vitreous Silica Phenolic

Carbon Fabric

Carbon Fabric

Vitreous Silica Phenolic

Vitreous Silica Phenolic

ZK60Z-T5 Magnesium -
Asbestos Phenolic

Vitreous Silica Phenolic

Vitreous Silica Phenolic

Material Throat Insert

ATJ Graphite

ATJ Graphite

ATJ Graphite

ATJ Graphite

Graphite

Graph-I-Tite G-90

Graph-I-Tite G-90

Graphite

Graphite

ADHG Graphite

CGW Graphite

Graph-I-Tite G-90

Graph-I-Tite G-90

ATJ Graphite

ATJ Graphite

Graph-I-Tite G-90

Graph-I-Tite G-90

O
-9-
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Wp = Ws _- exp

gIsp
(2)

B. CASE DIAMETER

Once the propellant weight is known, the volume of the case that will be

required to contain it at a given volumetric loading density can be calculated.

Volumetric loading density (VLD) is the percentage of the total available case volume

that is occupied by the propellant. That is,

Wp
Total Required Volume = (3)

pp (VLD)

By assuming that the case is either spherical or an extended sphere as

shown in Figure 2,

)

El91-67-28

(
FIGURE 2.

L
rl

I !

i L-D i
_ D

I I
I I
, I

CASE GEOMETRIC PARAMETERS

the volume can be determined as a function of the diameter and length-to-diameter

ratio. Thus,

or

V = 4 _r 3 + nr 2 (L-D)
3

n_U_ L
v --12_ _k(3 b-._-_l)............................. (4)

J
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O Since the required volume is known from (3) above, the case diameter can be found in

terms of known quantities. That is, setting the right side of equations (3) and (4) equal

to each other one obtains the relation

/ 12WpD = _P (VLD) (3 L - 1) (5)
P 1)

Figure 3 illustrates the excellent correlation that exists between theoretical and actual

L = 1) produced to datediameters for spherical motors (_

C. BURN TIME

The burn time of a solid-propellant rocket motor is only dependent on pro-

pellant web thickness and chamber pressure. Since the burn rate-chamber pressure
relation is

rb = a (Pc)n (6)

and the web thickness is equal to the web fraction times the case radius, burn time is

defined by:

Wf D (Pc)-n #
tb - 2a {7) _"

D. THROAT AREA

The throat area is found from the average thrust equation

Itot

F - tb - Pc At CfC D '_ (8)

For nozzles used on spherical rocket motors, the product C D k is approxi-

mately equal to 0.96. Since Pc, Itot' and t b are known, and Cf can be calculated by
iteration from the relation

/ y +I Y-1

/.
2Y _ y -I Pe

by rearrangement of equation (8) the throat area can be found from the equation

@
-11-
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Ito t -.

• A t = (10)
0.96 (t b Pc CI)

Since the exit area is the product of the throat area and expansion ratio, the throat and

exit diameters are easily found.

4
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III. MOTOR WEIGHT PREDICTION

The empirical relations derived in this section represent the best curve fit to

available motor weight data. For motors which are designed for special applications,

such as spin stabilization or for use in high acceleration environments, one must use

slightly altered equations to predict the pro.per weights. A tabulation of spherical motor

component weight data is presented in Tables VIIA and VIIB.

A. CASE WEIGHT

4

The weight of a rocket motor case is dependent on the quantity and density
of the case material. For a sphere, the stress in the wall can be calculated from the

equation:

c Pmsx D
- 7 (11)

where Pmax is the maximum chamber pressure, D is the diameter of the sphere, and

T is the wall thickness. If the case material yield strength is substituted for c in

equation 6, the minimum case wall thickness can be found. This thickness must be in-

creased by a safety factor (S. F.) to get the final case thickness

Pmax D (S. F.)
,[ = o 112)

Since the volume of case material required for a spherical case is the product of the
case thickness and the surface area, where

Spherical Surface Area = TTD2, 113)

the case weight is obtained from the product of the material volume and density,

TTPmax D3 PC (S.F.)
Wc = O (14)

The extended spherical case has a cylindrical section inserted between the

hemispherical end caps. The cylindrical section must be approximately twice as thick

as the end sections to maintain the same strength at all points. To calculate the weight

of an extended case, the weight of a spherical case of the same diameter must be in-

creased by a factor equal to the ratio of the extended case mass to the spherical case

mass. The extended case weight is proportional to the surface area of the spherical

ends plus twice the surface area of the cylindrical section. Thus, since cylindrical

surface__area is equal to w D (L-D), and the correction factor for extended cases is

- - -1), - ......................

-14-
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TABLE VIIA

ROCKET MOTOR SUMMARY

Motor Component Weights

Cas e Nozzle l>ropellant

Motor Weight, lbs Weight, lbs Weight, lbs

TE-M-184-3 16.43 10.11 477.56

TE-M-186-2 95.48 33.77 1995.0

TE-M-345 6.22 2.34 66.5

TE-M-345-11 6.22 1.98 66.49

TE-M-364 55.23 48.00 1191.0

TE-M-364-1 56.26 48.8 1197.0

TE-M-364-2 55.2 49.4 1388.0

TE-M-364-3 69.4* 41.7 1440.0

TE-M-364-5 54.6 48.8 1300.0

TE-M-364-8 45.6 41.7 1425.0

TE-M-375 6.82 2.64 63.0

TE-M-385 4.2 4.72 55.4

TE-M-442 39. 6* 22.2 517.0

TE-M-444 6.85 3.32 73.48

TE-M-458 4.79 2.92 68. 3

TE-M-479 8.80* 6.75 153.5

Attachment

Weight, lbs

0

0

0

0

14.4

19.3

7.5*

14.3

10.6

0

2.0

11.8*

2.06

1.5

1.43*

*Includes Marmon mounting flange and back up.

O
-15-
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TABLE VIIB

ROCKET MOTOR SUMMARY

Motor Component Weir, ts

Igniter Insulation Liner

Motor Weight, lbs Weight, lbs .Weight, lbs

TE-M-184-3 1.42 3.24 1.33

TE-M-186-2 1. 875 20.0 3.37

TE-M-345 0.87 1.82 0.45

TE-M-345-11 1.56 1.82 0.45

TE-M-364 5.8 11.5 2.27

TE-M-364-1 7.7 10.75 1.99

TE-M-364-2 2.7 15.7 0.79

TE-M-364-3 3.7 15.5 0.68

TE-M-364-5 2.7 12.0 0.91

TE-M-364-8 2.6 12.4 1.0

TE-M-375 0.87 1.43 0.2

TE-M-385 0.82 1.39 0.35

TE-M-442 2.35 8.67 0.6

TE-M-444 0.82 1.4 0.2

TE-M-458 0.76 1.59 0.17

TE-M-479 0. 82 3.55 0.29

Hardware

Weight, lbs

4.83

10.3

3. 181

0.68

1.5

1.68

1.52

1.62

2.2

1.68

1. O4

0.28

0.5*

0.2

0.2

0.27

*Does not include 0.26 lb bracket.

)
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Pc
Wc = rrD3 Pmax (S.F.) -_- (2 L -i) (15)

for allcases.
i

This expression must be modified by an ernperical constant (i-_-)to account

for the weight loss due to a section being extracted for the nozzle attachment port.

Tnis constant, when incorporated intoequation 15,yields the finalequation (16) as

derived from historical data (See Figure 4):

Wc = D3 Pmax(S'F') _Pc (2 L -1). (16)

.... B. NOZZLE WEIGHT

The nozzle weight of a spherical rocket motor is dependent on the throat

area and expansion ratio, and on the degree of submergence of the nozzle. The greater

the submergence, the more insulation that is required to keep the nozzle load bearing

structure cool. The degree of submergence (S) of the nozzle (see Figure 5) is the

ratio of the internal length to the total length of the nozzle. Figure 6 demonstrates

the correlation between nozzle weight and the nozzle weight parameter. The prediction

equation is:

0.512
A e A t

Wn = 0.431 (.-U"-Z--) (17)

0

The product A e A t is a measure of the average size of the nozzle and the term 1-S

gives an estimate of what percentage of the nozzle does not require the heavy insula-

tion necessary to withstand the high temperatures of the motor cavity.

The two points that lie furthest from the curve are the TE-M-442, which is

heavier in almost, all aspects than other motors of the same size, and the TE-M-184-3,

which was designed to be a very light-weight motor.

C. INSULATION WEIGHT

Since the temperature of the internal combustion gases is essentially con-

stant, and since insulation erodes at a constant rate, the minimum thickness of insula-

tion required to maintain the case wall below a given temperature is a function of the

burn time. The most critical area to be protected is the surface of the case not pro-

tected by the propellant mass. This area is proportional to the square of the diameter.

The weight of insulation is dependent only on the volume of insulation that is used, and

the parameter D2tb is related to the volume of insulation by the insulation erosion rate

and the protected surface area.

-17-
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Known Quantities

Nozzle Submergence = S

Exit Diameter = De

Throat Diameter = Dt

Nozzle Exit Cone Half Angle = 20 °
Case Diameter = D

O D

2

|_

I

I

I

I
I

Exit Cone Length

Dt _ (LN)(S)

2

D t
-- + (LN)(S)(tan 20")2

LN

LN (l-S)

L

D e

2

Exit Cone Length =-

L N = De-Dr
2 tan 20 °

D _ _ " --

2 _/ 4
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O
FIG URE 5. NOZZLE EXIT CONE LENGTH
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The actual insulation weights shown in Figure 7 fail close to the line

= 0.00345 (D2tb) 0"673 (L)Wins (18)

The two motors that deviate from this line the most are the TE-M-186-2 and

the TE-M-442. The TE-M-186-2 was an experimental 40-inch diameter motor built

for NASA to establish the feasibility of large spherical motors. Because of its ex-

perimental nature, the TE-M-186-2 was overinsulated to ensure that it would not fail.

The TE-M-442 is a spin-qualified motor which was insulated up to the maximum per-

mitred by the design requirements and which included a small insulation plug at the

head end of the motor to prevent burn through by the vortex which forms in the internal

cavity a spinning motor. For this reason, it deviates significantly from other motors

with respect to insulation weight. With the exception of these two data points, Figure

7 shows a high degree of correlation between equation (18) and the actual insulation weights.

It should be noted that the insulation weight as predicted by equation 18 is adjusted by a
surface area correction factor for extended cases.

D. IGNITER WEIGHT

The igniter is a small rocket motor or pyrotechnic device which helps to

pressurize the chamber as well as start the burning of the main charge. For this

reason, the igniter mass flow rate and, thus, igniter weight must increase as the

motor throat area increases. Variations in igniter weight for a given throat area

depend on how short an ignition time is desired. Igniter weight is plotted against

motor throat area in Figure 8. The equation derived from this plot is

<

O

0.5

Wig = 0.92A t (19)

The TE-M-364 shows a large deviation from the predicted igniter weight.

This is due to the fact that the TE-M-364 was the first Sur_,eyor motor to be fired and

the igniter was oversized by a large margin. The TE-M-184-3 was one of the first

spherical motors to be built by Thiokol; the requirements were for a minimum weight

system. This dictated the use of a light igniter with less attention paid to the ignition

delay ti me.

E. LINER WEIGHT

2"he liner weight is proportional to the surface area of the motor case, which

is, in turn, related to the square of the case diameter. The equation of the straight
line in Figure 9 is:

wl = o.00n5 D2 (20)

-21-
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O
and predicts the maximum ex3)ected liner weight. The liner weight is quite small in

comparison with the propellant weight (much less than 1%) and,because of this, the

prediction accuracy can be relaxed somewhat.

F. HARDWARE WEIGHT

Hardware consists of the various nuts and bolts, clips, pins, and other

objects that cannot be classified under some other category. Hardware weights appear

to be only mildly related to diameter but are more closely related to this parameter

than to any other. The equation used to predict hardware weight is (see Figure 10):

O

D3
Wh- 15742 (21)

G. ATTACHMENT WEIGHT

The weight of the attachment structure is more a function of the particular

motor in question than it is of the diameter. If the weight of the mounting bracket is

made up of braces and thrust plates, the attachment structure weight will be higher

than if J.t consists simply of a Marmon flange, with the support structure weight credited

to the spacecraft. Of course, the attachment weight will increase with the diameter

of the motor and this increase is reflected in the attachment weight prediction equation:

Wat t = 0.01 D 2 (22)

which was obtained from the correlation shown in Figure 11.

Q
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IV. SPHERICAL PERFORMANCE AND WEIGHT PREDICTION PROGRAM

A. DESCRIPTION OF COMPUTER PROGRAM

The relations developed in Sections II and III were programmed in the

FORTRAN IV language for an IBM 7040-32K digital computer. The computer program,

"Spherical Performance and Weight Prediction" (E-40310), is designed to produce data

for making tradeoff studies between various parameters affecting the performance,

weight, and dimensional envelope of spherical and extended spherical rocket motors.

Appendix A contains an input format, a schematic of an assembled data deck,

a sample data set, a program listing, and the sample output corresponding to the sample
data set.

VIII
Computer program input restrictions and options are summarized in Table

J

The design parameters that are most easily varied are chamber pressure,

expansion ratio, and total impulse or velocity increment.

The velocity increment required for a specified total stage weight may be

input to the program. If this is done, the program calculates the gravity losses ac-

cumulated over the burn time and increases the size of the motor to compensate for

these losses. If the motor is designed to a total impulse requirement, the propellant

weight and volumetric loading density are known and, thus, case dimensions can be

found immediately without iterating on the gravity loss.

If an extended version of an existing spherical design is desired, the diameter

of the case that is to be extended must be input as DCMAX. If the quantity of propellant

required to produce the desired AV or total impulse at the specified volumetric loading

density requires that the case be larger in diameter than DCMAX, the diameter is held

constant at DCMAX, and the length is increased to accommodate the additional propel-

lant. The case length-to-diameter ratio that is specified on the input card will be

satisfied until the diameter reaches DCMAX. If additional propellant volume is then

required, the case length is increased accordingly.

All propellant-related variables are input on one card so that a number of

different propellant cards may be maintained and substituted easily. If the burn rate

at a reference pressure and the burn rate exponent are known, they may be input as

BRC, BRRP, and BRE, respectively. This causes the program to use these variables

to compute burn time. If the values of BRC, BRRP, and BRE are not input to the pro-

gram, the properties of a Surveyor-type propellant are used (see Table IX).

F
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B. PARAMETRIC STUDY

The results of the parametric study are presented in Appendix B. The

trade-off data were obtained for a base system having the following characteristics:

Configuration: Spherical

Volumetric Loading Density:

Web Fraction: 60%

Nozzle Submergence: 40%

95%

Parameters that were varied included:

Case Material: Titanium { o - 1.1 x 106}
Pc

Steel ( cr = 0.707 x 106)
Pc

Case Safety Factor: 1.1, 1.25, 1.4

Chamber Pressure: 300 to 1500 psia

Expansion Ratio: 10 to 80

Total Impulse: 50,000 to 800,000 lbf-sec

Propellants: PB-AP-AL (TP-H-3062)

PB-AP-BE (TP-H-1092)

PB-HAP-AL (no designation}

PB-HAP-BE (no designation}

The properties of the propellants examined in this trade-off study are

specified in Table IX.

Combustion efficiency data on TP-H-3062 indicate that an expansion ratio

of 53:1 results in a nozzle efficiency of 97%. Since this is the only point for which

sufficiently reliable altitude data are available, a nozzle efficiency of 97% was assumed

for all expansion ratios and all propellants.

While this certainly introduces some error (by the ratio of the calculated to

the actual thrust coefficient), no better estimate of nozzle efficiency for these propel-

lants is available at this time.

O
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V. TOTAL IMPULSE REPRODUCIBILITY

Historically, total impulse reproducibility has been achieved by imposing critical

controls over those variables which affect total impulse. Although it can be shown

mathematically that Thiokol has successfully implemented these controls, this is

difficult to demonstrate because of random measurement errors in production control
and test instrumentation.

In general, the variables contributing to deviations in delivered total impulse can

be categorized as being either systematic or random. Systematic variables arise pri-

marily due to operational mission requirements, whereas random variables are the

result of manufacturing tolerances and differences in material lots. The major syste-

matic variable is motor firing temperature. For spherical motors, the operational

temperature range is typically +20°F to 100°F. This variation in propellant grain

temperature results in: (1) a change in propellant base burn rate and thus a correspond-

ing change in motor operating pressure, (2) a change in specific impulse due to changes

in initial grain temperature and operating pressure, and (3) a change in amount of inerts

(liner and insulation) consumed during motor operation.

Another systematic variable arises from changes in propellant specific impulse

due to propellant aging. This variable has been shown to be very small through various

propellant aging programs.

The major random variables which effect impulse reproducibility are due to:

(1) variations in propellant weight and nozzle geometry due to manufacturing tolerances,

(2) batch-to-batch variation in propellant characteristics, and (3) variation in nozzle

throat erosion due to lot-to-lot differences of throat material properties and the non-

uniform characteristics of the throat erosion process.

A. IMPULSE EFFICIENCY

Rocket motor inefficiencies arise in two areas, in the combustion chamber

and in the nozzle.

Combustion inefficiencies and flow inefficiencies are the two most significant

losses taking place within the combustion chamber. Combustion inefficiencies result

when exhaust gases are expelled from the chamber before fuel and oxidizer have com-

pletely reacted. Although the exact mechanism of combt'stion inefficiency is not fully

understood, ithas been determined that propellant composition, particle size, particle

shape, and chamber dwell time are factors which are influential.1 A second source of

1Friedman, R. and Macek, A., "Ignition and Combustion of Aluminum Particles in Hot

Ambient Gases," Western States Section, Combustion Institute Paper No. 61-21,

September 1961.
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chamber inefficiency results from total pressure losses which are associated with severe

flow conditions in the propellant cavity. Motor length-to-diameter ratio and propellant

port area-to-nozzle throat area ratio are factors which govern these flow losses.

Solid-propellant rocket motors that use metal fuel additives discharge small

metal oxide particles during the combustion process. Because of their mass and size,

the response of these small particles to large velocity and temperature changes which

occur in the nozzle is limited. That is, a finite time interval is required before they

transfer heat and accelerate to the same velocity as the surrounding gases. As a result,

all of the kinetic and thermal energy of the exhaust gases which is theoretically available

is not obtained. The two primary factors governing velocity and thermal lags are

particle size and nozzle configuration. The condition gets more adverse with increased

particle size. Changes in nozzle configuration which reduce the rate of acceleration of

gases reduce velocity and thermal lags.

High-expansion-ratio nozzles may result in the freezing of liquid aluminum

oxide particles in the expansion section. Consequently, a divergence in particle-gas

temperatures begins, since the freezing particles hold a constant temperature while

the gas temperature continues to drop. This adds to the thermal energy which becomes
unavailable. 2

As hot, dissociated combustion products pass through the nozzle, the chemical

equilibrium shifts, resulting in the formation of substances having lower heats of forma-

tion. The reaction rates gradually decrease because of the reduction in temperature

and pressure taking place in the nozzle expansion section. They decrease until they

become small with respect to nozzle dwell time. At this time the flo_v becomes

essentially frozen and, as a result, the reaction energy of the dissociated species is

lost. Nozzle configuration and nozzle size are important influencing parameters be-

cause of their effect on changes in velocity, temperature, and recombination in the

nozzle. Chamber pressure influences chemical recombination losses in two ways:

As pressure increases, the extent of dissociation in the chamber decreases, thus

decreasing the total amount of enthalpy that may be lost. An increase in chamber

pressure also increases the gas density at all points in the nozzle and thereby increases
all of the chemical reaction rates. 3

2"Propellant Optimization Study, " by John A. Peterson and Loren Slayer, Thiokol

Chemical Corporation, Wasatch Division, TW-245-10-64, October 1964.

3"High-Performance Nozzles for Solid-Propellant Rocket Motors, " Research and

Advanced Technology Department, United Technology Center, Sunnyvale, California,

No. C25-5C86, February 25, 1965.

O
-33 -



O

@

Nozzle performance is further degraded by the action of the boundary layer

along the nozzle wall. Momentum and heat energy are transferred from the exhaust

gases to the wall. This boundary layer also acts to change the effective size and ex-

pansion ratio of the nozzle because of its finite thickness. Small nozzles are more

severely affected because a higher percentage of the flow stream is influenced by the

boundary layer. Boundary layer losses are inversely related to nozzle half angle and

chamber pressure.

The litsramre contains a number of very thorough theoretical an',dyses of

rocket nozzle inefficiencies. These analyses relate efficiency to the basic independent

variables previously discussed. From an academic viewpoint, they are excellent.

However, the results are somewhat undermined by the fact that there are still some

fundamental areas which are not completely understood, or they are based on parameters

which are not readily measurable. Some of these unknowns are: aluminum oxide

particle size, particle channeling characteristics, particle drag coefficients, chemical

equilibrium constants, and radiation losses. 4 Because of these uncertain areas, a more

direct approach at predicting motor efficiency was selected.

For the purpose of this analysis, the definition of impulse efficiency was

changed. Previously, this Division has defined a specific impulse efficiency as the

ratio of actual to theoretical specific impulse at standard reference conditions (Pc =

1000 psia, Pd :: 14.7 psia, nozzle exit pressure = 14.7 psia, zero divergence losses).

This can lead to erroneous conclusions, however, because of the variation in motor

efficiency with respect to chamber pressure and nozzle configuration. This is especially

truc when the propulsion system operates at a pressure and expansion ratio far removed

from the reference. It is more meaningful to compare values at the motor expansion

ratio and motor chamber pressure. Therefore, specific impulse efficiency, as used

herein, is defined as the ratio of actual to theoretical specific impulse at motor operat-

ing conditions in a vacuum. Divergence losses are included.

B. THEORETICAL PERFORMANCE

The theoretical performance of the various systems studied was determined

by using an IBM computer program entitled: "Chemical Equilibrium Composition,

Theoretical Rocket Performance and Chapman-Jouquet Detonations." The analysis is

based upon the conservation of mass, Dalton's law of parti',d pressures, adiabatic

combustion, and isentropic expansion. An option exists in the program for assuming

either shifting equilibrium or frozen flow in the nozzle expansion section.

4Zeleznik, Frank J. and Sanford Gordon, "A General IBM 704 or 7090 Computer

Program for Computation of Chemical Equilibrium Compositions, Rocket Performance,

and Chapman-Jouquet Delonations, " NASA TN D-1454, 1962. - ...........

O
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There is some disagreement within the industry as to whether theoretical

specific impulse should be defined while assuming shifting equilibrium or frozen flow

in the nozzle expansion section. The chemical equilibrium in a rocket nozzle will shift

as long as the rate of change of concentrations of the species required to maintain equi-

librium can be met by the rate of change allowed by the chemical kinetics of the system.

When this criteria can no longer be met, an apparent frozen equilibrium will result.

The position at which this takes place is a function not only of the propellant itself,

but of the geometry of the rocket nozzle. With large rocket motors, the position of

the equilibrium freezing will be at a higher area ratio than the small rocket. Since

the chemical knietics of the reactions taking place in the nozzle are not well defined,

this effort uses shifting equilibrium to the exit plane of the nozzle and defines impulse

efficiency in terms of this quantity.

The thermochemical data used in these calculations were obtained from

standard JANAF compilations. Hea+.s of formation, entropy, enthalpy, and specific

heat as functions of temperature were used. The hea+.s of formation for compounds

which do not appear in the JANAF "tables were ob "tained from the Propellant Department,

Development Laboratories.

The theoretical vacuum specific impulse for TP-H-3062 is illustrated in

Figure 12 as a function of chamber pressure. It should be noted that over the normal

operating pressure range of spherical motors (500 - 800 psia) the theoretical per-

formance of TP-H-3062 varies by less than 0.1%.

The theoretical vacuum thrust coefficient is presented in Figure 13 as a

function of expansion ratio.

C. THROAT AREA EFFECTS

Variations in nozzle throat dimensions due to manufacturing tolerances

and/or non-uniform throat erosion contribute to the measured impulse variability.

Variability in performance due to manufacturing tolerances can be accounted for by

utilizingaccurate measuring techniques. It is more important _o know what the actual

nozzle geometry is rather than what the design calls for The nozzle throat area

erosion time history must be considered in order to accurately evaluate motor per-

form ance.

Throat area variations on performance effect changes in: (1) motor operat-

ing pressure with associated change in propellant performance, and (2) effective ex-

pansion ratio which results in a change in nozzle performance.

The theoretical sensitivity of motor performance can be evaluated utilizing the

theoretical performance of TP-H-3062 presented in Figure 12 and the theoretical

vacuum thrust coefficient given in Figure 13.
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For example, a 10.0% increase in throat area will result in a 14.1% decrease

in chamber pressure for a burn-rate exponent of 0.29. This decrease in pressure will

result in a 0. 028% decrease (refer to Figure 12) in theoretical specific impulse at an

operating pressure of 600 psia. Neglecting changes in exit area, a 0.433% decrease

(refer to Figure 13) in vacuum thrust coefficient will be experienced for the same 10%

increase in throat area. Thus, the total change in theoretical vacuum specific impulse

will be -0.461% for a 10% increase in throat area.

Experimental results show that nozzle erosion rates are nearly constant

after the nozzle insert begins to erode. The criterion for the onset of nozzle erosion

seems to be the surface temperature of the insert. At this temperature, the insert

material begins to degrade and ablation and surface erosion of the insert is initiated.

The erosion takes place at a constant rate which depends on the material and the con-

ditions in the throat. A range of from 0.005 to 0. 010 inch/second is considered normal.

Figure 14 illustrates a typical throat area time history. 2_ais throat area history was

determined by a backfit from pressure and thrust data for a TE-M-479.

This motor was one of two TE-M-479 motor firings at AEDC for which data

were available on throat deposition/erosion history. The initial throat area decrease

shown in the plot is thought to be aluminum slag condensing on the cold nozzle surface.

Slag deposits evidently formed instantly along the throat contour and persisted to 3 to

4 seconds after igntion. During this period, no throat regression occurred and some

thermal insulation of the nozzle was experienced. From the character of the deposit

thickness history, it is believed that significant amounts of aluminum metal were de-

posited during the first half second of the test (30 mils maximum thickness).

Initially, the burning particle residence times relative to the nozzle surfaces

upstream of the throat section are less than 0.1 millisecond. Aluminum particles

require longer times to ignite and, therefore, early deposition of unignited and partially

burned aluminum particles is very likely. Deposition of this material would constitute

a performance loss early in the test. The deposits formed on the inner and outer

surfaces of the nozzle would prevent excessive corrosion by the incompletely burned

exhaust.

Examination of six TE-M--479 motor test results indicates that the total

measured erosion rate over the burn time varies to 165% of the lowest measured value

(0°F soak -- 75 rpm). The average erosion rate decreases with increasing spin rate

and increases with increasing grain soak temperature. It is doubtful that the graphite

erosion rates are actually the variable. It is far more likley that variation of the amount

and endurance of the deposits causes the apparent variation in total erosion.

The most reasonable radial erosion rate was found to be 6 + 1 mils per

second during the period when erosion actually occurred.

O
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D. DEMONSTBATED IMPULSE REPRODUCIBI.I/Ty

Unfortunately, one charanterlstic of spherical motors is the small number of

motors that have been made of a p_rtioular design, and the correspondingly small

number of test firings for which ac0urate impulse data are available. Itis this lack

of data that prevents a more meaningful analysis of the interrelationships between the

variables which determine impulse reproducibility.

Thiokol-Elkton has qualified the Surveyor Main Retro Motor to stringent

impulse _*epF0ducibility requirements (+ 1 percent, 3sigma, at a specific temperature).
Since the motor is maintained at a constant _st temperature, this means that the motor

should demonstrat_ + ! pc_r_ertt v_riation in impulse with zero systematic variations.

During the quallfl0at_on test firings, Thiokol demonstrated an impulse re-

producibility of + 0.6 percent (3 sigma).

Seven motors were cast to a design specification of 347,000 lbf-sec with an

allowed tolerance of ± 1%, These motors were then test fired, The results of these

tests are shown in Table X. The average total impulse of the test motors differed from

the specified total i_p.ulse by less than 0.02%. Another batch of si.;_ motors was then

cast, the propellant weight alBUm'mined, and the proper amount of propellant removed

to provide the _orrect total propellant weight for a total impulse level of 356,.700 lbf-sec.

These motors were then _st fired at AEDC. The average to_l impulse differed from

the specified 356,700 lbf-seo by less _han 0: !8% and the threo standard deviation dis-

persion for total impulse was only 0. 242%.

Since the actual propellant weight in any partieular motor can be measured

very accurately, the m_jor random errors associated with propellant weight can be

eliminated by considering specific impulse. Accurate impulse data exist for six

spherical motor designs. These designs have been static fired under simulated vacuum
conditions at AEDC. The results of these tests are tabulated in Table XI. Standard

deviations of the data presented ranged from a low of 0. 070% for the TE-M-458 to a high

of 0. 234% for the TE_M-345.

A summary of these results is also tabulated in Table XII. Also given in this

table is the specific impulse efficiency. Demonstrated specific impulse efficiencies

range from 0. 923 for the TE-M-345 to 0. 979 for the TE-M-385.

O
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Motor Serial No

A21-10

A21-11

A21-12

A21-13

Avg Ito t =

o =

3(3 =

30

Avg Ito t

A21-17

A21-18

A21-23

A21-24

Avg Itot =

a =

3a =

3a

_Avg It_ t

•TABLE X

SURVEYOR MAIN RETRO

TOTAL IMPULSE REPRODUCIBILITY

Total Impulse_

lbI-sec

347,661 AEDC

347,523 AEDC

345,808 AEDC

346,740 AEDC

346,933

852.6

2557.8

= 0.737%

Specification Requirements

347,000 • i%

356,075

287.4

862.2

= 0.242%

355,871 AEDC

355,793 AEDC

356,255 AEDC

356, 382 AEDC

Specification Requirements

356, 700 • 1%
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_rI. DEMONSTRA TED RELIABILITY

The proven reliability of a solid-propellant rocket motor is determined from the

number of successes and failures of a particular configuration of the motor. In general,

if a failure occurs, an engineering change solves the problem and the new configuration

then begins again to prove its reliability. Tfiis means that a production motor has

probably had no static test failures that could not be attributed to known abnormalities

in the motor. For a given number of successful tests without a failure at a particular

level of confidence, the reliability may be found from

log (reliability)
= log (1-confidence level)

number of tests

If a failure occurs in one component, and a change is made to that component to

ensure that the failure mode is eliminated, then a smaller number of tests is required

to establish that the component is performing satisfactorily.

A. RELIABILITY SUMMARY FOR THE SURVEYOR MAIN RETROGRADE MOTOR

Surveyor development and qualification firings illustrate how reliability data

were obtained on components prior to final qualification of the motor.

Each subsystem was evaluated based on the criteria laid down fo'r that

particular subsystem. Table XIII lists the subsystems that make up the complete

motor and the requirements for each to qualify as a success in a test firing.

7_tere were 35 development firings in the Surveyor program and 10 qualifica-

tion firings. Of these, 15 development tests were excluded for evaluation of reliability.

Eight were excluded prior to firing the motor, and seven were excluded after the fact.

Since completion of the motor qualification firings, there have been three

additional quality assurance firings and three successful flight firings (see Table XIII).

The success record of each subsystem is kept separate from that of the corn-

plebe motor so that each part can be qualified individually. This also "allows the com-

plete motor to achieve a larger number of successes than would be the case if a motor

were excluded each time an individual component was excluded. For example, at the

end of the qualification program there were 33 Surveyor firings that were classified as

successes, even though 11 of those tests had components that were excluded either

before or after the firing. At the 507o level of confidence, 33 successes resulted in a

reliability of 0.9792, while 22 successes resulted in a reliability of only 0.9690. A

reliability summary for the Surveyor MainRetro Motor is. presented in Table XIV.

O
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TABLE XIII (Cc, nt'd)

DEVELOPMENT ARrD QUALITY ASSURANCE TEST SUMMARY O F

SURVEYOR MAIN RETROGRADE

LEGEND

The symbols and success/failure criteria for the columns of Table XIII are as
follows.

Engine Assembly - Used for the calculation of the achieved engine reliability.

Combined evaluation of A, B, C, and D

A Ignition System - combined evaluation of A1 and A2

A1

A2

Initiator (squibs and boron pellets) - Initiate pyrogen propellant burning within
specified time.

Pyrogen - Upon receipt of the specified ignition current, the pyrogen should

ignite the engine propellant within the specified ignition delay time.

B Fuel System - combined evaluation of B1 and B2

B1

B2

C

C1

C2

D

D1

Performance - If the ignition system performs as specified, the engine should

ignite within the specified ignition delay time and the engine's performance

parameters (total impulse, average and maximum pressure, action time, average,

maximum and minimum thrust) should be within the specified limits.

Grain - Cracks, voids, or liner separation shall not have caused any of the

performance parameters to exceed the specified limits.

Pressure Vessel - combined evaluation of C1 and C2.

Structure (case and aft closure) - If not subjected to loads or temperatures in

excess of the specified values, the pressure vessel shall sustain the maximum

pressure specified.

Insulation - If not subjected to loads in excess of the specified values, the

pressure vessel shall not be subjected to temperatures in excess of the specified

values which could cause a pressure vessel failure.

Nozzle System - combined evaluation of D1 and D2

Insert - Upon receipt of forces within the specified limits, the insert shall not have

a structural failure and its performance shall not cause thrust and total impulse to

be outside the specified limits.

D2 Exit Cone - Upon receipt of forces within the specified limits, the exit cone shall not

have a structural failure and its performance shall not cause thrust and total impulse
to be outside the specified limits.

The Surveyor Firing Summary (Table XIII) is based on the evaluation of test data, failure

reports, and failure analyses with regard to the pretest definitions, resulting in appropriate

decisions regarding equipment success or failure during the test. Pretest definition of valid
reliability tests is accomplished through the Test Plan's Reliability Declaration of Inten_."
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TABLE XIV

RELIABILITY OF SURVEYOR MAIN RETROGRADE MOTOR (TE-M-364-1)

Q

Development Program Firings

Qualification Firings

Quality Assurance Firings

Flight Firings

TOTAL

Successes

Failures

Reliability

Confidence Level

36

0

20

10

3

3*

36

0.981

50%

*Two firings have been excluded due to a lack of confirming

performance data.

O
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B. RELIABILITY SUMMARY FOR THE TE-M-345 (TITAN II VERNIER)

For the qualification of the Titan II Vernier motor, 21 motors were fired for

their full duration, and another 39 motors were terminated prior to burnout to qualify

the termination capability and impulse reproducibility characteristics of the motor.

Since the completion of the qualification firings, there have been 20 Titan II test flights

reported, each Carrying two successful motors. In addition, 16 motors have been fired

in the quality assurance program. During the program, there were no failures (see

Table XV).

TABLE XV

RELIABILITY OF TITAN II VERNIER (TE-M-345)

Qualification Program

Full Duration Firings

Thrust-Terminated Firings

Flight Firings

Quality Assurance Firings (Full

Duration)

TOTAL FIRINGS

Successes 116

Failures 0

Reliability
Confidence Level

21

39

40

16

116

0.9940

50%

O
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VH. THRUST MISALIGNMENT

To obtain the required nozzle axis alignment"on the Surveyor Main Retro Motor,

the nozzle is mated to the empty case and rotated until the best alignment position is

reached. This position is marked on the case and the nozzle so that itcan be repeated

after the case is loaded. The procedure which is detailed in Appendix C is used to.align

the nozzle after the case is loaded. This procedure has consistently produced motors

which exhibited average thrust mis_ignment angles of less than 0. 025 degree,

Figure 15 is a plot of thrust versus time and thrust vector misalignment versus

time for a Surveyor Main Retro motor firing. Of the four motors that were instrumented

to obtain thrust misalignment data during the qualification phase of the Surveyor pro-

gram, this particular motor exhibited the largest thrust misalignment that was measured.

For a complete discussion of the results of these tests the reader is referred to "Quality

Assurance Testing of Surveyor Main Retro Engine at AEDC," Hughes Aircraft Company,

Space Systems Division, SSD 5118R, February 1965. Due to the length of this report

it is not being reproduced here. All motors exhibited approximately 0.30 degree of

misali_o-nment at ignition and dropped back to a significantly lower level for the duration

of the high-thrust period. The thrust-vector angular excursion specification was met

and as a result of these tests the thrust-vector displacement limits were relaxed.

As the thrust and chamber pressure tail off at the end of the burn time, a larger

deviation appears in the thrust misalignment data. The spike that occurs at 42 seconds

in Figure 15 may be due to non-uniform flow separation in the nozzle or to the diffuser

shock wave propagating back up the diffuser. In a true space environment, the above

conditions would not be encountered, and the thrust misalignment would follow the uniform

pattern that it exhibits during the high-thrust period.

O
-57-

74



0

O

O

!

¢D
!

\

e,D
leo

¢0

QO

0

E

oO

Z

Z

_4

?5
_ o

-.58-



O

f_

@

@

VIH. EFFECT OF STERILIZATION AND PLANETARY QUARANTINE ON MOTOR
DESIGN AND PERFORMANCE

The NASA mission requirement that specifies sterilization for all spacecraft that

will enter the atmosphere of, or impact upon, any planet, has given rise to numerous

spacecraft design problems that heretofore have not been encountered. The following

guidelines have been established: the probability of any single probe contaminating a

.planet with viable earth microorganisms must be less than 1 in 10,000; or alternatively,

a 50-year planetary quarantine must be observed. This specification in its broadest

interpretation has resulted in the requirement for onboard propulsion systems to with-

stand the terminal dry-heat-sterilization cycle, because other sterilization techniques

have not yet been proven adequate for quarantine requirements.

The design problems resulting from sterilization itself can be surmounted at the

present time. However, when these are coupled with the reliability requirements of

qualification, the difficulties increase by an order of magnitude. That is, whether

the defined time-temperature history of sterilization is 295°F (145°C) for 36 hours or

275°F (135°C) for 53 hours, a flight acceptance specification that necessitates demon-

stration of capability for six sterilization cycles presents problems that heretofore

have not been encountered. With regard to this, it is clear that there exists a definite

need for clarification of the sterilization requirements as peculiar to the propulsion

area. Further resolution and definition of performance penalties, system scale-up,

and time and number of cycles to accomplish motor sterilization and ensure reliability,

must await this decision. In the meantime, the need for motor firings to demonstrate

the technical feasibility of presently defined design solutions and to clarify certain

potential problem areas (such as thermal initiation of the propellant charge due to

self-heat from internal chemical decomposition) cannot be too strongly emphasized.

A. EFFECT OF STERILIZATION ON THE PROPELLANT-LINER SYSTEM

During sterilization, two types of chemical reactions involving the propel-
lant binder can be expected:

a. Oxidative crosslinking of polymer chains, and

b. polymer chain scission.

Crosslinking results in increased modulus, decreased elongation, and hardening or

_brittlement of the propellant. Chain scission causes loss of tensile strength and

p,.c_pellan£ softening. Both depend on the presence of oxygen, and typically occur
simultaneously. The overall effect on the propellant binder, of course, is determined

by whichever reaction is dominant. This, in turn, is influenced by several variables

including environmental temperature, the presence or absence of moisture, temperature,
and polymer type.

-5S-
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Considerable research and development effort is stillrequired in this area.

Itwould seem at this time that only a thermo-chemically stable binder would be suitable

for all mission applications. That is, ifa stable system is not available, the use of a

binder exhibiting a dominant crosslinking reaction would be desirable (to avoid gross

deformation of the grain). It is highly unlikely that this could be accomplished without

incurring a severe reliabilitypenalty. In any case, itwould be necessary to assess

the impact of propellant hardening resulting from extensive heating and sterilization

thermal gradients. The magnitude of the resulting damage is not readily assessable

at this time; however, the effect on motor design will be most pronounced on exposed

surface. Itis not expected, based upon information currently available on aged motors,

that ignition of a sterilized spherical motor will present a problem. However, itis

also quite evident that this local loss of propellant strain capacity must be carefully

examined regarding changes in level of resistance to surface fracture.

B. EFFECTS OF DIFFERENTIAL EXPANSION

It has been previously reported5 that the magnitude of this problem can be

significantly reduced, if not completely eliminated, through judicious selection of

materials and the use of proper clearances.

C. THERMAL DEGRADATION

A third problem is the thermal decomposition of motor materials, which

results in the production of decomposition products. If these products are gases or

vapors, then they will generate an internal stress field that can lead to mechanical

failure. This problem is not considered serious for inert components because of the

wide choice of available materials; however, with a solid propellant that thermally

degrades, one is not so fortunate, since compositional changes are limited, and usually

such changes will violate other constraints. Thus, in selecting a propellant formulation

that can withstand repeated heat cycling, one must perform laboratory or scale tests

of the propellant to assure that thermal degradation will not cause motor failure with-

in the required number of heat cycles. Another topic that should be considered in

selecting a propellant is the exothermic thermal decomposition of solid propellants

{commonly called bulk cook-off), which can lead to deflagration of the propellant grain.

D. TIME TO REACH STERILIZATION TEMPERATURES

The time required to reach sterilization temperatures is a significant motor

design consideration. Since propellant is a relatively good thermal insulator, fairly
long heating times are to be expected.

5Andrews, W. G. and Kirschner, T. J., "Heat Sterilizable Solid Propellant Motor

• Designs for Interplanetary Missions," AIAA Journal of Spacecraft and Rockets,

Volume 4, No. 5, May 1967.
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Figure 16 illustrates the time required to reach a sterilization temperature
of 295°F as a function of spherical case diameter. It can be seen that a 30-inch

spherical motor of the Surveyor type would require approximately 55 hours to reach a

stabilized temperature of 295°F.

The Gemini Retro Motor (TE-M-385), which has a 12.8-inch spherical

motor case, was temperature cycled in a temperature gradient study conducted at

Thiokol-Elkton. A continuous strip chart recorder was used to monitor thermocouples

which were located at various points in the propellant glfain (see Figure 17). Plots

of temperature and temperature versus time were made (see Figures 18 and 19). The

temperature gradient shown in Figure 19 was obtained by plotting the extreme temperature

difference as a function of time where the extreme temperature difference was defined

to be the arithmetic difference between the readout of thermocouples No. 1 and No. 4

at any instant.

The Thiokol 100-pound sterilizable motor is a case-bonded, circular-

perforate design having a nominal spherical diameter of 16 inches. This motor

evolved during a study of heat sterilizable motor design problems which Thiokol

conducted for JPL in 1966. The design is shown in Figure 20.

An analysis was made to determine the time required to heat the grain from

70°F to the sterilization temperature of 295 + 2°F. The results for determining the

heating time of the motor were calculated by using a two-dimensional axisymmetrical

transient heat transfer analysis. This was performed using Thiokol Program No.

40702, "Arbitrary Node Thermal Computer Program. " This program can consider

as many as 12 different materials. Material properties can be varied with respect to

time and location, and the program can also simulate air gaps by using zero capacity

nodes and contact resistances between adjacent nodes.

The thermal model for this design is shown in Figure 21, a two-dimensional

nodal array that closely approximates the longitudinal grain section. Figure 22 shows

the locations and numbers of nodes. For this analysis, the ease material was neglected.

This simplifying assumption has little effect on the results of the calculations since the

thermal diffusivity of the case material is high compared to that of the propellant and

case insulation. Heat flow is allowed to take place through the external spherical

surface only. The internal portion of the grain and the end of the grain were assumed

to be adiabatic surfaces. This makes the analysis somewhat conservative since, in

actuality, case heating of the motor on all surfaces (especially the nozzle structure)

would reduce the time required to heat to 295 -+ 2 ° F.

O
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E191-67-42
THERMOCOUPLE LOCATIONS

O

O

@

FIGURE 17. TE-M-385 TEMPERATURE GRADIENT STUDY

Locations :

1. All thermoeouples imbedded in grain (1 through 4) are located 3/4"above girth weld.

2. No. I - 4-1/2"from case wall

No. 2 - 3-9/16 from case wall

No. 3 - 2-5/8"from case wall

No. 4 - 1-3/4" from case wall

No. 5 Located on case wall

No. 6 Temperature of box on vacuum conditioned unit and reconditioned unit

No. 6 Temperature of grain surface on sea level conditioned unit
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Heat flow

into

External

Surface

Asbestos-filled polyisoprene insulation

Propellant

\
\\ \

A di-" Surface

O

FIGURE 21. THERh_LAL MODEL CASE-BONDED SPHERICAL

CIRCULAR PERFORATE MOTOR DESIGN
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FIGURE 22. NODAL LOCATIONS AND NOTATION
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The properties of the propellant and insulation used are as follows:

Material

Asbestos-filled polyisoprene
insulation

TP-I-I-3105 Propellant

Density

0. 043 lb/in.3

0.0595 lb/in.3

Specific Heat

0. 392 btu/lb/* F

0.272 btu/lb/°F

]taermal

Conductivity

2. 638 x 10 -6

btu/in, sec *F

3. 528 x l0 -6

btu/in, sec *F

The external film coefficient was based on forced convection on the outside

of the motor case. A heat transfer coefficient of 2.0 x 10 -6 btu/°F-see-in. 2 at 50*F

increasing tc 2. 199 x 10 -6 btu/* F-sec-in. 2 at 305* F was used. The driving temperature

for this analysis was 305_F.

Figure 23 presents the temperature-time history of various nodes through

the grain and Figure 24 sliows the temperature distribution throughout the grain at
j

the end of 40 hours.

The time that it would take a TE-M-364 to reach a sterilization temperature

of 295°F was estimated from the result_ of a study conducted by Thiokol for Hughes

Aircraft Company in 1962. 'q

E. VOLUMETRIC LOADING DENSITY AND WEB FRACTION CONSTRAINTS

For a chemically unstable prol)ellant binder system, the combined effects

of sterilization and reduced propellant strain capacity do impose maximum VLD and

web fraction desiga_ limitations. II one excludes potential adhesive propellant/liner

bond prol)lems, data available at this time on candidate binders following six 53-hour

cycles at 275 ° F (135 ° C) would strongly indicate that volumetric loading densities

comparable to those of the TE-M-364 could be achieved. However, the desire for

extended low temperature operational capability could seriously affect this conclusion.

A definitive judgment must be withheld until the candidate propellant's structural

response (following sterilization) is determined over the temperature range of interest.

6 "An Investigation into Methods of Sterilizing the Surveyor Main Retro Engine and

their Effects on Engine Components, " Thiokol Chemical Corporation, Elkton Division,

Elkton, Maryland, Summary Report 23-63, August 3, 1962.
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IX. G LOSSA RY

A e -- Exit area, in.2

A t

St

Cf

C D

D

De

D t

F

g

Itot

Isp

L

n

Pc

Pmax

rb

S

S.F.

%

VLD

-- Throat area, in.2

-- Reference burn rate, in./sec

-- Thrust coefficient

-- Discharge coefficient

-- Diameter, in.

-- Exit diameter, in.

-- Throat diameter, in.

-- Thrust, lbf

-- Local gravitational acceleration, ft/sec 2

-- Total impulse, lbf-sec

-- Specific impulse, lbf-sec/lb m

-- Length, in.

-- Burn rate exponent

-- Chamber pressure, psiSt

-- Maximum pressure, psia

-- Burn rate, in./sec

-- Nozzle submergence, %

-- Safety factor

-- Burn time, sec

-- Volumetric loading density

-72-



Wat t -- Attachment weight, lbs

Wc -- Case weight, lbs

Wf -- Web fraction

Wh -- Hardware weight, lbs

Wig -- Igniter weight, lbs

Win s -- Insulation weight, lbs

W1 -- Liner weight, lbs

Wn -- Nozzle weight, lbs

Wp -- Propellant weight, lbs

Ws -- Stage weight, lbs

n -- 3. 1415926

y -- Specific heat ratio of gases

k -- Nozzle divergence factor

/%V -- Velocity increment, ft/sec

7 -- Case thickness, in.

Pc -- Case density, lbs/in.3

pp -- Propellant density, lbs/in. 3

o -- Case yield strength, psi

Standard deviation

............................ ...............
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APPENDIX A

SPHERICAL PERFORMANCE AND WEIGHT PREDICTION PROGRAM

A. INPUT FORMAT

B. SCHEMATIC OF AN ASSEMBLED DATA DECK

C. SAMPLE DATA SET

D. PROGRAM FORTRAN IV LISTING

E. SAMPLE OUTPUT
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B. SCHEMATIC OF AN ASSEMBLED DATA DECK

Q

Q

Required Velocity Increments

__ Required 'fot_ I_,r_u!se Levels

__ Expansio I il_'.tios

Chamber Pres.,_u'¢, Values
n

, _ Propellant I'ropcrb._.es

. . gisson Par_=eters
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O

SET I

SET II

APPENDIX B

PARAME TRIC STUDY

(Figure B-I through B-17)

Configuration - Spherical

Volumetric Loading Density - 95%

Web Fraction - 60%

Nozzle Submergence - 40_

Case Material - Titanium ( _ = i. 1 x 106)
9c

Case Safety Factor - 1.4

Chamber Pressure - 300 to 1500 psia

Expansion Ratio - 10 to 80

Total Impulse - 50,000 to 800,000 Ibf-sec

Propellants - PB-AP-AL (TP-H-3062)

PB-AP-BE (TP-H-1092)

PB-HAP-AL (no designation)

PB-HAP-BE (no designation)

(Figures B-18 through B-21)

Configuration - Spherical

h

Volumetric Loading Density -95%

Web Fraction - 60%

Nozzle Submergence - 40%

O
B-I



Q Case Material - Titanium ( a_.q__=1.1 x 106)
Pc

= 0.707x106 )
Steel ( Pc

Case Safety Factor - 1.1, 1.25, 1.4

Chamber Pressure - Optimum

Expansion Ratio - 53

Total Impulse - 50, 000 to 800, 000 lbf-sec

Propellants PB-AP-AL (TP-H-3062)

PB-AP-BE (TP-H-1092)

O

O
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FIGURE B-2.
TOTAL IMPULSE VERSUS SPHERICAL CASE DIAMETER
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PAGE 9 OF 30

O

O

OP. NO.

! If.

I0.0

OPERATION

NOZZLE ALICN2 IENT

Check that the motor that is to be checked for

nozzle centerline has no "hold" tags_ has

cleared QC inspection since the last major

operation, and that it is approved for further

assembly.

Do not proceed with the nozzle centerline

determination without a QC representative present

The equipment to be used in the nozzle center-

llne measurement run is called out by Thlokol

Engineering Drawings: E-18731 Eozzle Alignment

Arrangement; I:.-15767 Thrust Alignment Fixture

Assembly; Forward Case Flange Target (Brunson No.

4793); Nozzle TarRet Fixture Assembly (Brunson

No. 4300); E-18732 Support Ring Assembly.

a) Place motor, head end down on felt pad on

large tire. Remove 11andllng Ring and attach

Support Ring Assembly in accordance with

Operations 2.0b, 2.0c, and 2.0d.

b) Obtain the nozzle assembly used in the pre-

-ioad operations for this motor.

c) Lubricate O-ring (EI1843-01) with Cosmoline

615 (HIL-G-4343 lubricant) and place on the

QC/PROD.

SIGN OR

STAMP DATE
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PAGE I0 OF 30

OP. NO.

@

Q

PM 2 o Ill

OPERATION

nozzle closure. Do not stretch O-ring while

lubricating.

d) Weigh the nozzle assembly and record the

weight, drawing number and serial number on the

C.C. Data Sheet, QCI-535 and Nozzle Centerline

Sheet QCI-534. Weigh nozzle attachment hardware

and O-rlng. Record on C,G. Data Sheet and Nozzle

Centerline Sheet.

e) Remove covering from the aft end of the

motor. Remove the cap screws and casting sleeve.

Lubricate nozzle bore with _IIL-G-4343 lubricant.

f) Using no less than 2 operators, carefully

place nozzle on the motor oriented correctly wlt_

respect to the match marks made during the

preload operations. Initially place 4 nozzle

assembly bolts 90 ° apart into nozzle closure and

gradually seat nozzle by turning each bolt one-

hail turn at a time. This _ethod rolls the

O-rlng into place. Remove the four bolts.

g) Secure the nozzle assembly in place by means

of 44 bolts (E-14614-01)lubricated will HIL-T=

5544,'plus 44 washers (E-14615-01), ballast

(E- ) as required in preload operations for

this motor.

L_-Z

QC/PROD.

SIGN OR

STAMP DATE
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O

@

OP. NO.

10.5

11.0

OPERATION

NOTE: These washers are directional - the flat

part of the washer goes against the closure --

the washer counter bore must be against the bolt

head.

Torque bolts to 250 + 25 in./ibs.

(Ref b I0.0) Verify that the nozzlc assy E18219-

01 S/N was mated to this motor during pre-

load operations.

(Ref d I0.0) Verify the weight of nozzle, attachl

hardware, and O ring is as recorded on QCI-534.

(Ref g i0.0) Verify that the nozzle is assembled

per OP I0.0 and that bolts are torqued.

a. Install the Brunson Nozzle Target Fixture

Assembly Number 4300 into the nozzle. Center

the exit cone target by carefully checking tlle

dlal indicator and adjusting tile legs of tile

holding spider until a centered condition exists.

Hake a small mark on the llp of the nozzle so

that during dial indicator rotation, the plunger

can be set in the same place each time. Use a

.................. felt-polnt pen for-mark£ngf Care shouldbe ......

exercised to prevent distorting nozzle when

'adjusting the legs.

QC/PROD.

SIGN OR

STAMP DATE

i0.0

ng

10.5

14:
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OP. NO.

11.5

PM 2 - 18

OPERATION

Lift the motor from the tire and rotate 1806 on

the pivot trunnion. Recheck centering of the

Fixture Assembly No. 4300 and adjust if

necessary. Record dial indicator readings on

Data Sheet QCI-534. :[easure gap between pin and

exit cone target and record on Data Sheet QCI-

534.

b. Install inverted motor assembly into nozzle

alignment tool per E18731.

c. Once the Support Ring Assembly is resting on

the ball spacers, the assembly may be moved

slightly by sliding the assembly until all three

feelers, (E15769-5) are held between the mandrels

and the feeler bases (E15769-6). (Reference

Tilrust Aligmnon t Fixture Assembly Drawing E13767)

These feelers must al,_ays remain in place

throughout the entire operation.

Verify that the Nozzle Target fixture Assembly is

centered and that the readings are as recorded or

QCI-534. Verify that the gap between the pin ant

....exit cone target is as recorded on QCI=534.

C-4

TR 18518 Post Lo_

REV. • A
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OP. NO.

12.0

OPERATION

Level the motor by means of the adjusting nuts

using the Paragon Level.

a. Place a Paragon Level Assembly, made up of

items 12, 13, 15, 16, and 17 of the Nozzle

Alignment Arrangement E18731, at a predetermined

7 foot distance from the motor.

b. Attach a 40" Uyteface Optical Tooling Scale

to the upper flat surface of a mandrel nut (EI56L

using a Scale llolding t:agnet to hold the scale

in a fixed position. Level the motor by means

of the adjusting nuts (E15771) using the paragon

level.

c. Remove Wyteface scale and magnet from the

mandrel nut. Place the scale and magnet on each

of the other two nuts in order and repeat leveli_

operations until complete. The differences in

the level readings must not exceed 0.001 inch.

d. Install 18" flange target assembly (Brunson

No. 4793) and level. Measure gap between target

assembly and 18" flange where indicated on Data

Sheet QCI-534. The differences in the level

readings must not exceed 0.001 inch. With

Paragon Level, take height readings of a mandrel

nut and the 18" flange target. Record gap and

height reading on Data Sheet QCI-534.

C-5

T R 18518 Post Load

REV. A

DATE May 23, 1987

PAGE 13 OF 20
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OP. NO.

12..5

13.0

OPERATION

e. A production operator and a quality control

inspector should at this point make simultaneous

but independent readings of each of the three

"Lufkln" micrometers that are integral with the

micrometer bases E15770. Once the motor is in

place and set, the micrometers are to be

advanced two ratchet clicks beyond initial

contact with the mandrels. Record these readln_

on Data Sheetp QCI-534. Read micrometers to the

nearest ten thousandth of an incl,.

(Ref. e 12.0) Verify the micrometer readings

recorded in Operation 12.0 by making an

independent reading of the Lufkin micrometers.

Verify that the readings do not va._/ by more

than .001 inch.

(Ref. d, 12.0) Verify the measurement and record

of the gap between the 18" flange and target

assembly. Verify that the level hel_ht

readings are as recorded on QCI-534.

a. Proceed by moving the Jig transit assembly

(described by Items 2-10 of E-18731, Nozzle

Allgnment Arrangement) into place over the leval,

inverted motor.

QC/PROD.
SIGN OR

STAMP DATE

12.0

12.5'

• ' _-O
PM 1" t@
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OP. NO. OPERATION

b. Once the jig transit assembly is locked in

place and leveled, line up transit by reading

1.5 inches on the scale near 3 and the scale

opposite. Autocollimate the jig transit with th(

Paragon level described by items 12-17 of

E-18731. Refer to drawing E-18731 to approximate

the autocolllmated condition.

c. After the jig transit is collimated by using

the Paragon level, recheck the reading on the

two scales. The transit should read 1.5". If i!

does not, it should be made to do so by use of

micrometer dlal on the transit and rotating the

transit slightly about its vertical axis. Do no

try to make the adjustment by using the transver_

slides because the transit will require additlon_

autocollimatlon if this is done. By pointing

the transit down at the 18" payload flange and

nozzle targets, their displacement parallel to tl

Y axis can be measured by using the micrometer

dlal on the transit to the nearest 0.0005".

....... • nter the Jig transit Y axis readings and the

color of the graduations on the Data recording

Sheet QCI-534.

i

QC/PROD.

SIGN OR

STAMP DATE

13.0
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OP. NO.

• 13.5

14.0

16.5

15.0

PM 2- 16
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REV. A

DATE May 23, 1967

PAGE 16 OF 30

OPERATION

Verify that the Jig transit Y axis readings and

color are as recorded on form QCI-534.

a. Repeat Operations 13.0 b and 13.0 c, but use

the two scales at right angles to the scales

used previously. The transit must l)e rotated

90 ° about its vertical axis. After the transit

is collimated and lined up, the displacement of

the targets paralleled to the Z axis can be

measured.

Enter jig transit Z axis readings and the color

of the graduations on Data Recording Sheet

QCI-534.

b. Record on Data Sheet QCI-534 enough time and

temperature readings to get a representative tim

temperature profile.

Effort should be made to keep temperature unifor

and near 70"F.

a. Verify that the Jig transit Z axis readings

and color are as recorded on form QCI-534.

b. Verify that times and temperatures have been

recorded on QCI-534. ....

Remove case flange target (Brunson No. 4793) and

store in Tooling case.

C-_

QC/PROD.

SIGN OR
STAMP DATE

13.5

14.0

i4.5

15.0
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@

O

OP.

16.0

17.0

III.

18.0

NO. OPERATION

Lift the motor from the Thrust Alignment

Fixture; move to an open working area, rotate

motor 180 ° on the pivot trunnion and place the

motor on a felt covered tire.

Remove Nozzle Target Fixture Assembly (Brunson

No. 4300) and store in tooling case.

IGNITION SYSTEM

Installation (Install either while the motor is

suspended on handling beam or after placement

on Center of Gravity Tooling).

a) Obtain the ignition system (P/N E-19582)

assigned to this motor. Record Serial Number
L

_=

b) Ensure that the threads and O-ring surface

of the case and Ignition Assembly are clean and

undamaged before installing Ignition Assembly.

Lubricate an "O"-rlng (E-I1878-01). Place O-

ring into the 2.405 inch diameter O-ring groove

at the head end of the Ignition Assembly (E19582

Do not stretch O-ring while installing.

Lubricate the O-ring mating surface with

Cosmollne 615 (Silicone grease HIL-G-4343).

Very carefully, thread the Ignition Assembly intl

the head end of the TE-364-3 Hotor Assembly

(Drawing E-18518.)

QC/PROD.
SIGN OR

STAMP DATE

16.0

17.0

1
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O 1.0 INTRODUCTION

The objective of this program is to furnish information regarding the characte iztic_

of fluid-controlled solid (RSVP)* motors for space propulsion systems. These charac-

teristics include the following:

a) Physical description

b) Operational description

c) Performance (Isp)

d) Weight (mass fraction)

e) Development status

f) Reliability

g) Cost

O h) Influence of operational requirements

-storability

-number of restarts

-throttling ratio

-sterilization

This information will be utilized b_ the Space-G_nera! Corporation in the evaluati[:

of various propulsion concepts for NASA applications. _.ere indicated, _t i_ tc be

treated as LOCKHEED PROPRIETARY INFORMATION.

Lockheed Propulsion Company (LPC) is presently under contract with the National

Aeronautics and Space Administration Office of Advanced Research and Technology to

.........h .......conduct both_theoretic&l_and experimental_studiesof the RSVP motor (Contract .........

NAS 7-444). This work began in January 1966. Company-sponsored efforts began in

late 1964 and have continued since. Beginning vJith the feasibility demonstration

* Restartable Solid, Variable Pulse motor, using the fluid-injection principle.



@ in 1964 and continuing through the present programs, over I00 test firings of

experimental RSVP motors have been made. These tests hnve provided data regarding

operational characteristics which can be used to substantiate preliminary design

predictions. However, it must be recognized that there are limitations in the

context of the present requirements, which arise from the following consid_r_t_ors:

_x

@

a) All testing has been made with subscale hard aare, which inherently

have low values of L* (even at burnout) and short burn time.

b) All testing has been made with heavyweight hardware.

c) Exhaustive testing for the purpose of obtaining statistical re-

producibility data has not been an objective to date; testinc has

been of a research and technology nature.

_) There has never been an RSVP development program for a specific

application.

e) Detailed design efforts have not been substantiated bj flightwe_ght

fabrication.

f) An RSVP motor has never been flown.

Consequently, there are little data available for making accurate predictions of

scaling effects to motor sizes of interest in this study, or for predicting the cost

and reliability of an actual flightweight system. As a result, much of the

information must be based upon best estimates. Fortunately, it thus far appears

that the RSVP involves little else but the mating of an ordinary (but relatively

small) single liquid component system to an ordinary solid rocket motor. This

assumption will be utilized in attempting to cover the unknown aspects, and should

be kept in mind by Space-General in conducting the evaluation. LPC is, of course,

in the solid propulsion business, but has also acquired liquid component experience

159



@ as a result of conventional hybrid and RSVP programs which have continued at an

appreciable level of effort since 1959. (Refs. I-i0).

Because of the present develoFment status of the RSVP, it will not be possible to

simply adhere to the Space-General format for tabulating information as presented

in Report SGC 1069 QR-2. Also, there is no "baseline system" except what may be

arbitrarily conceived. Consequently, this format will have to be supplemented by

more or less detailed discussion of the various items. The format for an arbitrary

baseline system will be included as an Appendix, citing the pertinent discuss_c_s

where they appear in the text. It is anticipated that this method of presentation

meets with contractor approval.

@

O

2.0 GENERAL DISCUSSION

2.1 General System Description

2.1.I Physical Description

A schematic sketch of the RSVP motor is shown in Figure 2.1. The motor con_sts of

a conventionally-oxidized, castable solid propellant, which differs froz an ordinary

solid propellant only in its tailored ballistic properties for controllability:

high burning rate-pressure sensitivity, and ease of extinguishment. The nozzle thro_

area is sufficiently large that combustion of this solid propellant is incapable

of generating sufficient pressure to sustain itself. This mass flow deficiency is

made up by injecting an sdditional source of mass flow, e.g. hypergolic liquid or

monopropellant de6omposition gases, either of which is also capable of igniting t_e

solid propellant. Throttling is achieved by modulating the control fluid injection

rate, and termination is achieved by shutting off the flow.

There are no unusual requirements with respect to the liquid control system, and

160
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conventional liquid technology (and advances therein) are directly applicable.

Because the weight ratio of liquid-to-solid is small, nominally about 0.5 for

reasons to be explained later, development of certain liquid components should

be facilitated and inert gas pressurization will not impose a heavy weight penalty.

Similarly, for the solid porticn (including the nozzle), conventional solid

technology is directly applicable. No evidence to refute these contentions has

been encountered in the work to-date.

®

A conceptual design of an RSVP motor for a space application is presented in

Figure 2.2. The sizing of the motor corresponds to an upper-stage application

studied by Lockheed Missiles and Space Company (M_SC) under Contracts NAS 7-575

and NAS 7-449 (I0, ll). The design illustrates the excellent packaging flexibility

of the RSVP, with respect to location and numbers of tanks and solid motor

configuration (spherical or otherwise), to best meet envelope requirements. It

also indicates the inherent compactness of the RSVP resulting from the high

propellant densities (solid propellant specific gravity = 1.72, Compound A specific

gravity = 1-75 and, where cryogenic liquid is allowed, liquid fluorine specific

gravity = 1.55). Because the NASA has been expressing interest in motors of

low L/D, packaging of the liquid and pressurant is shown at the aft end of the

solid motor. For higher L/D, packaging can be "in line" with either multiple or

single tanks.

Liquid injection occurs at four places, equally spaced around the annulus of the

neutral-configured spherical conocyl grain design. Consequently, some plumbing

is required to bring the liquid to this near-forward position of the motor. Use

of in-line liquid packaging (higher L/D) and one injector for a single-port

162
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cylindrical grain design (heavier case) would simp i fy the plumbing. To eliminate

residual line flow for minimum impulse bit and clean termination, each injector

has its own control valve for close-proximity shut-off. The particular mission

in question required two restarts, for Which explosive-actuation in a single body

can be achieved at present state-of-the-art. For more restarts, more explosive

valves could be incorporated in parallel, cr resort to a solenoid valve could be

made (but which is more susceptible to leak). Each of the four valves is fed from a

redundant main control valve which, again, can either be an explosive valve or a

solenoid valve. For throttling, this main control valve can also be equi_T_ed with

flow modulation capability; at present, sophisticated variable injectors do not

appear to be necessary in the RSVP because of the efficiency demonstrated at

low pressure in small motors of low L*. The two helium tanks are tied to one main

pressure regulator with an integral valve to arm the motor. Positive expulsion of

the liquid can be achieved with either a bladder or ullage rockets.

Omnidirectional thrust vector control is orovided b_v the LPC LOCKSEAL nozzle

technique; two actuators are sufficient to orovifle control in any plane, r:nd there

is sufficient room for the necessary angular movement of the nozzle _:ithout touchinr

any of the tankage. A contoured nozzle is practical because of the low metal

content of the solid propellant, most of %hich burns to gaseous metal fluoride

when fluorinated liquid is used for control.

@

Changing the type of control fluid will not affect the RSVP configuration. For

the same total oropell_ut weight and fluid/solid ratio, replacing Compound A

with liquid fluorine will necessitate an increase in insulation and nozzle weights

owing to higher combustion temperatures, and the cryogenic liquid may require its

own insulation from the environment; differences in tank diax4eters owing to the
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reduced density will be small. Replacing Compound A with hydrazine will result

in a noticeable increase in tank diameters (specific gravity = 1.00), but insu_;:tion

and nozzle weights will be much less owing to the lower combustion temperature. With

low metal content in the solid, a contoured nozzle can still be used efficiently.

Use of hydrazine will also reouire decomposition chambers at each injector s, as

to take advantage of the monopropellant oroperties for motor ignition. Presu::,bly,

supplementary pyrogen igniters could be incorporated, but at a penalty to oper;_tior_al

packaging flexibility where a large or not-predetermined number of restarts are

desired. For small thrusters, use of gaseous fluorine as injectant can be considered;

components associated with liquid feed are eliminated, re_Jdering such a controllable

motor attractive from the standpoint of simplicity. For sufficiently :_mall size, the

gaseous fluorine-controlled solid motor also becomes competitive from a weight

standpoint.

2.1.2 Ooerational Description

Thrust magnitude and stop-restart control of conventionally oxidized solid propellants

b;' injection of fluids is predicated on two essential facts.

I) Rotor pressure is a function of propellant mass flow rate, and can

therefore be varied by modulating the liquid injection rate. Because

the regression rate of solid propellants is pressure dependent, variations

in liquid injection rate will also evoke a response in the solid which

increases with burning rate pressure exponent.

@

2) Solid propellants exhibit a threshold pressure below which combustion

cannot be sustained. The value of the threshold pressure depends upon

propellant composition. If the nozzle throat area is sufficiently large,
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the pressure will fall to ambient upon shutting off the augmenting

liquid injection. If ambient pressure is below the propellant defla-

gration limit, combustion is terminated.

Facilitating the ballistic design procedure is the experimental finding that

the solid prooellant regression rate and its pressure dependence, under fluid-

controlled operation, is essentially unchanged from that in conventional solid

operation or when burned as strands. Consequently, grain design flexibility

for envelope tailoring, maximum volumentric loading, or for minimum combustion

chamber inert weights, exists as in a normal solid.

@

With the RSVP, regardless of control fluid, the mass balance equation for

pressure can be written as:

g
PA t (2-i)

papnAb÷ _l TM c-(;/s)

g pl-n

or i+ -
(2-2)

where p =

a_n =

A =

A_ =

_1 _
g=

solid propellant density
constants in the solid propellant regTession law

burning surface area
nozzle throat area

pressure
liquid injection rate

gravitational constant

_S_ = fluid/solid flow rate ratioC*(F fficharacteristic velocity as a function of F/S

Kn - _/A t

It is seen that for steady-state operation, F/S > 0, the nozzle throat must be

sized lar_er than for conventional solid operation at a _iven pressure. HenCe; .....

@
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when F/S = 0 by shutting off the fluid flow, the pressure must fall to some new

level. If the propellant is sufficiently responsive, i.e., high n, the pressure

will fall all the way to ambient.

@

@

It is of interest to examine the special case n=l. It is noted from Eq. (2-2)

that F/S can then be chosen independent of pressure, and will re_ain constant

regardless of the duty cycle; the solid combustion rate becomes directly propor-

tional to liquid injection rate. When the fluid is shut off, F=O, and the

imbalance in the equation obviously forces the pressure down to ambient. This is

shown graphically in Figure 2-3. Note that both the nozzle discharge line and

the solid input line are stra_ht lines. The slope of the discharge is governed

by the choice of F/S. Figure 2-4 illustrates the point that this ideal condition

becomes more difficult to achieve as n becomes significantly less than unity.

Note the curvature existing in the solid input line, which places a lower limit on

the slope of the discharge line (upper limit on Kn) to achieve termination . This

curvature also causes F/S to vary _ith pressure. However, this effect is of little

practical concern as long as n is greater than about 0.75, unless there is a require-

mmut for random wide throttling in which case the F/S variation will detract from

full utilization of propellants; stop-restart operation can still be conveniently

achieved. It is with high n (n=l) that wide throttling is most efficiently

achieved as well. No destructive instability problems are evident with n=l

propellants, with fluid-injection, because of the stabilizing influence of the

fluid which effectively reduces the value of n as defined for the liquid-solid

system.

.......... 2Ji.3Differences from a Hybrid .............

While there are obvious similarities between the RSVP motor being herein described

and what is known as a "conventional hybrid", there are also important differences.
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LPC-1034 Propellant (n = 0.76)
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@ The essential similarity is that both are generally thought of as liquid-solid

systems, although both can be all-solid systems as well through the use of dual-

chamber motors. The essential difference is in the combustion mechanism and

interior ballistics of operation.

In the conventional hybrid, the fuel and oxidizer are completely segregated. The

oxidizer is generally a liquid, employing oxygenated and/or fluorinated compounds;

S-_ the solid fuel consists of a hydrocarbon binder containing a large quantity of

thermogen powder, generally lithium or lithium hydride. Additives my be included

in the solid for combustion tailoring. This combination of ingredients provides

high specific impulse but at very high combustion temperatures, particularly with

lithium-fluorine systems. Oxidizer/fuel ratios are comparable to those of liquids,

but the solid fuel density is generally quite l_. Because the fuel and oxidizer

are segregated, the combustion mechanism is quite different from that of ordinary

solid propellants (12-15). The mechanism is found to involve a turbulent boundary

layer mixing process, coupling convective heat transfer and kinetic effects.

Regression rates are low and strongly dependent upon grain geometry and injection

rate, which effects generally impose restrictions upon grain design in order to meet

thrust-time requirements and yet mainta_ stoichiometry. These restrictions are

co$ounded if there is the additional requirement for deep throttling. The net

effect is either reduced volumetric solid loading and mass fraction, or reduced

Isp and propellant utilization resultirg from off-design operation. Mixing devices

or multiport grain design, and partial aft-end oxidizer injection, have been used

to improve efficiency of operation but introduce additional cost and reliability

factors. The high_ metallized fuels are not conveniently castable, and combustion

can produce considerable slag. Consequently, the ordinary hybrid has involved much

more than the simple mating of liquid and solid components.@
In the RSVP, the solid consists of a conventionally oxidized, castable solid

propellant whose combustion mechanism is essentially unaffected by fluid injection.

17@
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The burning rate is a function of pressure, which is modulated by variations in

the fluid mass injection rate. For reasons previously discussed, the main

requirement for the solid propellant is that its burning rate should have a high

pressure sensitivity. Fluid control can then be provided with liquid/solid ratios

far below that of hybrids, minimizing the amount of liquid needed for controllable

propulsion and promoting full utilization of propellants in random operation. Using

the same kind of liquid oxidizers as do hybrids, specific i_oulse can be almost as

high but, in addition, d_usity is excellent. Grain design flexibility exists as in

ordinary solids, and supplementing devices to promote efficiency of operation are

not necessary. Finally, because stoichiometry is not primarily involved in RSVP

operation, the fluid injectant need not be an oxidizer.

@
In summary, the conventional hybrid can be thought of as a special case of fluid-

controlled solid, the case where the fuel and oxidizer are completely segregated.

With the development of controllable solid propellants and solid propellant extin-

guishment technology in recent years, the essential purpose of this segregation as e.g.

suggested in 1956 (16) has become obsolete. Consequently, in application studies

covering a wide spectrum, the more general forms of hybrid or controllable solid

propulsion should be considered as well as the presently more well-known special

case.

@

2.1.4 Development Status

Since the fall of 1964, approximately $500 K has been spent on theoretical and

experLmental RSVP research at LPC. These funds inClude NASA contractual support

and Company sponsorship. Over IOO firings have been made using available injection

equipment and motors containing from 1-25 pounds of solid propellant. The purpose

of these tests has been to study ignition, stability, combustion, transient response

(and throttling), efficiency and axtinguishability. The objectives of these tests

and of concurrent analytical efforts have been successfully met. Of equal

171
significance, it appears that the RSuTP involves nothing more than a
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combined liquid/solid system, which implies that its development status can draw

upon the extensive backgrounds of both liquid and solid technologies. Plans for

additional follow-on work possibly tobegin later this year, include scaled-up

testing to motor sizes which begin to conform to potential NASA applications.

/A

@

Specific accomplishments to-date are summarized as follows.

Initial Efforts

Lockheed Propulsion Company demonstrated thrust control of selid propellants'by

fluid injection as early as 1959 (I). Liquids used included hydrazine, nitrogen

tetroxide, ethylene oxide and water. However, the solid propellants employed were

not suited to controllability, i.e. the values of n were low, and hence the degree

of thrust modulation was not very great nor was termination achieved upon llquid

cut-off. But these early tests do point out one very i,portant facet of the RSV_

concept. It involves nothing really new, requires no advances in state-of-the-art,

and readily makes use of developments in solid, liquid or hybrid technology.

Q

The most important development, which is what renders the RSVP attractive as a

controllable motor, is the result of recent propellant development and combustion

studies related to the single-chamber (pintle) and dual-chamber (solid-solid)

controllable solid motors. These and related programs led to the development of

reasonably good performance solid propellants with high burning rate pressure

exponent, and to an understanding of factors governing exti,_guishability of solid

propellant combustion. This work did not really involve any advances in propellant

State-Of-the-art' but Tatherthe proper use Of already available propellan_ ingredients.

Lockheed Propulsion Company made some of the initial contributions in these areas (1?-._O},

and has continued in propellant formulaticn studies with the objectives of achieving

pressure exponents 0.9< n__ l, high augmented performance, and physical properties

etc. consistent with normal solid propellant requirements.
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These studies revealed the RS"CP to have significant performance and operational

advantages over competing controllable propulsion systems. Motor design studies

were initiated with very favorable results in both volume-limited and weight

limited applications, owing to high density-impulse and high mass fraction.

©

Through the same time period, advances were reported in the areas of throttleab!e

liquid injectors, warm gas expulsion, positive expulsion bladders, fluorinated

oxidizer technology, etc. (21). All of these advances are directly applicable to

ISTP, with the note that the P_VP will require the smallest liquid component system.

SJn_ilarly, advances in solid motor construction, insulating materials and nozzle

structure and TVC are directly applicable.

@

@

Results Under Contract NAS 7-4h4

The NASA was quick to recognize the potential of the RSVP for applications requiri_

random controllability. The first technolo_ program was awarded in January 1966, a

follow-on program was awarded in July 19C6, and a second follow-on is bein_ jointly

planned at present. Program accomplishments are summarized as follows (cf. Ref. 9

for details).

l) It was determined experi_entally that fluid injection suppresses low pressure

L* instability; i.e. for increasing values of fluid/solid ratio, F/S, the L*

instability will not occur until lower pressures and lower values of L*.

However, the instability was not eliminated entirely. These results confirm

the theoretical analysis. Whether or not the instability can be eliminated

entirely depends upon the combustion properties of the solid propellant° E_y

suppressing the instability, wide throttling can be maintained with high n

since the motor can o_erate stably at lower pressures.

175
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Random co, and controllability, and extinguishment upon fluid cut-off in

vacuum, were agaii_ demonstrated in connection with the L* tests. As many as

nine stop-restart tests were achieved with a single motor.

3) Hypergolic ignition delay time was found to vary inversely with the square

of the parameter.

Mass flow rate of fluid

Nozzle throat area

This parameter is an index of motor pressurization by the fluid prior to

propellant ignition, which is important according to ignition theory.

h) Vacuum ignition limit was successfully defined with Compound A injection,

conforming to theoretical predictions relative to chlorine trifluoride and

fluorine. UTC reported difficulties with chlorine trifluoride as hypergol

under vacuum conditions, and difficulties have been reported with low

volatility liquid systems in vacuum (21), which are predictable from the LPC

analysis. Compound A has a much higher vapor pressure and much lower heat of

vaporization than these other liquids, e.g. CTF, N2Oh, N2H4, N2F4; thus it

is favorable for pre-pressurizing a motor above the threshold level for

ignition without flooding or ignition aids.

5) C* efficiency in 25-pound motors varied between 90% and 95_ with chlorJn_ tri-

fluoride injection. Specific impulse efficiency varied between 83% and d9%.

Efficiency was found to decrease with increasing F/S and reduced L*.

• B

6) With gaseous fluorine injection in the 25-pound motor, C* efficiency was

......measured tobe between 95% and 1OO% and specific impulse efficiency to be

90-96% at pressures ranging from lO0 psi-900 psi. The difference in the

results between the liquid and gas injection can be attributed to the poor

vaporization properties of chlorine trifluoride and the limited droplet
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@ 2.1.4 Space-Flight History

A controllable solid, RSVP or a conventional hybrid, has never been

completely flightweight-developed let alone flown in space. One possible

exception is the Northrup-Carolina dual-chamber (solid-solid) controllable motor,

which is undergoing qualification for the Army RMP mission (22). Using solid

gas generator control can be construed as a form of RSVP.

k_.J

@

@

2.2 Prediction Techniques

Prediction techniques regarding the RSVP motor are still Jn their infancy, sirrFly

because of a lack of sufficient quantitative information to be of a statistical

nature. Although sufficient data have been obtained to guide design efforts,

there are nc established formulas for weights, costs, rel_abi ity, reproducibi_J_j,

etc.

e

Weight equations have not been developed at this stage because their univ,_rsal

applicability would be open to question; a multiple of factors and sub-factors are

involved. Rather, for any specific application, preliminary _:nd/or det-:Jled

designs were _repared which were then subjected to weight analysis in each

instance. Sufficient excercises of this nature have been pe:'formed over a range

of motor sizes to construct a rough weight equation and reasonably accurate mass

fraction curves for general evaluation purposes; however, no _3VP motors have been

built. A cost and reliability excercise has been performed onlb, once for a

specific application, but which cannot be supported by actual development, producti:,n

or flight experimnce save that froz_ conventional liquid or solid components. RSVP

testing to-date has been technology oriented, not amenable to statistical analyses

of reproducibility. On the positive side, analytical methods to predict steady-

state and transient RSVP interior ballistics have proven satisfactory, and

realization of theoretical performance potential and operational characteristics

have been demonstrated in testing. I_
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2.2.1 General Ranges

Data are presented, in the main, for RSVP motors using Compound A as control fluid.

Thrust levels considered are in the range from 750-20000 lb., corresponding to

total propellant weights from lO0-1OO00 lb. An optimum chamber pressure has been

roughly established at about 400 psi, considering inert weight, minimum wall thick-

nesses and insulation requirements; this can vast, depending upon the mission and

envelope requirements. With n=l solid propellant, the burn time is inversely

proportional to pressure to the first power. Expansion ratios considered vary

from 50 to 45. The designs assume a requirement of two restarts with a verj

short time between restarts, and no throttling. _ore restarts, long shut-down

times, and deep throttling will of course affect weight, cost and reliability.

Effects of throttling and multiple restart will be discussed to the extent Ooscible.

Ninimum impulse bit will also be discussed and results of analytical computations

presented. Specific impulse is presented over a range of fluid/solid (F/S)ratic,

and mass fraction is presented as a function of F/S and motor size. Cost data

are presented for a motor containing 1OO0 ibs. of propellant.

@

2.2.2 Subsystem Design Alternatives

Theoretical performance data are presented for propellant systems suited for

long-toga space storability or sterilizability, and for those which are not

sterilizable and suited only for relatively short-duration space applications

(less than six months). Similarly, data are presented for solid propellants of

very high pressure exponent (for random wide throttling), not so high a pressure

exponent (adequate for stop-restart), for currently-developed systems and for

growth potential systems.

180
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Motor design data are presented, for illustrative purposes, wherein liquid

fluorine, gaseous fluorine, or hydrazine is used as control fluid. Results

can be compared with the more general Compound A data.

/-h

©

The weight benefits to be gained with alternative materials and by replacing

inert gas pressurization with a warm gas generator is examined for one case.

For the same reason that the RSVP can use inert gas pressurization with little

weight penalty (co_ared to the bi-liquid or even the ordinary hybrid), so it

is that resort to advanced pressurization techniques does not save a considerable

amount of weight; the chief savings is in volume. At current state of the art_

inert gas pressurization is preferred for random, multiple stop-restart req.uiring

rapid response. The suitability of certain materials of construction with

fluorinated liquids is open to question.

2.2.3 Prediction Confidence Level

For reasons mentioned in the introductions to this report and to this section, it

will not be possible to assign quantitative numbers for crediction confidence

levels concerning the various items. A qualitative description, based upon the

extent of pertinent related experience, would be more realistic°

3.0 STEADY-STATE AND TRanSIENT RSVP PERFOR_'CE

To best conform to the format of SGC 1069 QR-2 Table 2, this section will present

the following:

a) Theoretical specific impulse

b) Incorporation of NAS 7-h44 efficiency data to define delivered Isp

.........................c-)_-Equatiohs of transient RSVP ballistics .................................

O
d) Method to predict throttled performance

e) RSVP throttling potential

f) Analysis of H_nimnm impulse bit,

off impulse accuracy.

impulse bit reproducibility, and shut-

181
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rh

@

a

A b

.A t

c_

K

L_

M

ml

m s

mt

n

Pc
et
Ro
t

Tc
V=

r

8-

Pc

Ps

Solid regression rate equation constant

Solid burning surface area

Nozzle throat area

R T "Characteristic velocity; c _ = o c
M

Constant in the liquid supply rate equation

V
Characteristic length: L # = __c

A t

Molecular weight

Mass in the combustion chamber originating from the liquid

Mass in the combustion chamber originating from the solid

Total mass in the combustion chamber

Exponent in the solid regression rate relation

Combustiqn chamber pressure

Liquid supply tank pressure

Universal gas constant (mass units)

Time

Combustion chamber pressure

Combustion chamber volume

Ratio of specific heats

_/+ I

r : _-_I¥_I z (v-l)Function of %,:

Reduced time: 8 = __t

Density of gas in the combustion chamber

Propellant mass' density

............................................. L_

7 t Characteristic time, T t = r z c "_

@ NOTE: "bar" values are steady-state values.
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@ .The mass in the chamber is identified as originating from either injected
fluid, ml, or from the solid, ms, so that

rn t = m I + m s (3.2)

The rate of change of pressure in the chamber, from which the rate of

change of thrust can be calculated, is obtained by combining equations
and 342 and differentiating with respect to time:

(-3.I)

t_# dR/dtI : (R O W/V M)(d ml/dt + d ms/dt ) + m t d (R ° Tc/V M)/dt (3°3)

O

For convenience, it will be assumed that V c and _M are constant, and that
T c varies with the mixtur_ ratio, ml/m s, as it would under steady-star(:
conditions.

The mass originating as injected fluid, m 1, is assumed to change with time

according to equation (3,h)

d ml/dt = 1": (}t - Pc )l/z - (ml/mt)(gc Pc At/c*) (3°h)

where

1 R
c* = Tc/M' (3.5)

i

The first terms on the riqht hand side of equation3,_4 _eprcsents the rate of

injection, and the second term represents the rate of discharge through the
nozzle. If the fluid is a gas injected through a sonic orifice, the first term

reduces to KP t.

The mass originating from the solid, ms, is assumed to change with timc

according to equation (3.6).

• /dt_ - _ a pn...L. d_m s @sAb - C " - (mJ-mt)(gc Pc At/c*) ........ 0"6) ........

@
Equations(3°,3) (3,4)and(3.6)can be nondimensionalized for convenience in
computation by employing the steady-state quantities "mr, _1, ms' "c*, _'

and _c' and the stead}-s_ate time constant for t.he chamber,

T
c

= L*/F z c', _
(3-7)189
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Using these quantities yields the following definitions for t_ne nondimensional

variables:

P
r

L r

_ =
r

C _ =
r

e =

g =

m S/"I_ S

t/T C

m/m s

ml/rn s

This set of equations then can be combined with equations (3o3)_ (3.h), (3.5) and
(3,6) to yield the following nondimensionalized equations:

@

d Pr/d8 = (c_)z(_ 4 1/-_., -1 d Lr/de + (c_)Z(1 + _)-I d S/dO

+ (l/c_)(z D) dc_Ide
(3.8)

d Lr/d0 _ Kr (P¢'_ Pr)_t(_t/_ - 1)_'%- (Gfc_:')(_ + l/'-¢.)/(l + W) (3.9)

d S/d0 : _n (Dlc_)(_ + D/(1 + -=) (3.1o)

In the following equation, c":" is expressed as a function of -= by a third

order polynomhaa].:

c* = C o + Cir. + Cz[Z + Cs_S (3.11)

0

The rate of change of c* can be expressed nondimensionally in terms of [..

Lr, and Sr, as follows:

a c_/d0 : {cd_ * + (zcU-_*)(0 + (3cd-_*)g_l
(3.]2)

{s TdL/dO - _dSr/d_l

_q_m%i_)ns(3.8), (3.9)(3.iO)and(3.12)ial°ng with an equation for the control valve 1_
_unction,

K r = f (0) (3.13)



® have been programmed for simultaneous solution by finite difference methods

on an IBM Systems 360 computer. They have also been !inearized for analytical

solution. To include ignition transients, and flow before ignition, the program

has been modified in that F/S, _ , has been changed to the fluid fraction of the

total flow, F/T. This avoids the infinity when the solid mass inr_ut is zero.

5.2.2 Application of the _odel to Experimental Transients

The analysis of experimentally-obtained RSVP transients has been performed only

to a limited extent to-dste. Typical examples wherein the analytical model has

been apT,lied is presented as follows. At this time, the ability of the model to

predict the experimental transients can only be rated as fairly ge,od.

@

@

Sinusoidal Resoonse

Calculations have been made for both the amplitude and phase response of the motor

pressure to sinusoidal variation of the control fluid injection rate. This type

of modulation has been proposed as a technique to achieve effective throttling.

These initial calculations were ma_e to compare predicted response with actual data

from a gaseous fluorine/LPC-615A test firing. During this test, the fluorine

control valve cycled on-and-off producing a nearly sinusoidal variation in the

pressure upstream of the injector. This produced a ci'clic variation in the fluorine

injection rate and also in the motor pressure. Figures 3.4 and 5.5 present the

Amplitude and phase data obtained from this firing along with the predicted

response. The measured amplitude response is seen to agree fairly with the

predicted purves; however, the measured phase lag was somewhat greater than

predicted. This phase discrepancy is most likely due to the assumotion made in

the derivation of the mathematical model that the burning rate adjusts instantaneously

to variations in pressure according to the rate law r= aP n, whereas in actuality

there is a lag between burning rate and pressure variations (Ref. 19). 19_
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Thrust Tail-off

A result comparing predicted and experimental thrust tail-off is shown in

Fig. 3.6. The predicted tail-off has generally been somewhat fast, which is

attributed to the residual liquid between the valve and injector that exists

from the test set-up. The model accounts for the recorded motion of the valve,

but assumes no more liquid flow once the valve is shut. Modifying the apparatus

to provide close-proximity or face shut-off would enhance the agreement.

O
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3.3 Performance Under Random Throttlln_ Conditions

The previous section presented the equations used to describe modulation

transients themselves. This section will present a system of equations

that can be used to predict the total impulse delivered by the propulsion

system for a c_pletely random throttled duty cycle. A duty cycle

efficiency factor can be defined as follows:

= Total Delivered Impulse

c_ Total Propellant Wt x Design Point Theoretical Isp

This efficiency factor takes into account performance losses over the duty

cycle due to ordinary loss factorsp pressure variations, and any departure+

from full utilization of propellants.

Total impulse is expressed as:

I = Zo tb W Ispdt (3.1_)

@

and

Isp - Isp(F/S,P)

-- (0.96-O.O?F/S)xf(P)

'_nere I = total impulse

tb = burn time

Isp = theoretical Isp

= Isp efficiency

(3.16)
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Specific impulse is a function of F/S and pressure. Efficiency is a

function of F/S as shown, and should also be a function of pressure at

sufficiently low pressure. A small effect of pressura on efficiency has

been observed in tests conducted under NAS7-h44 d_ to 60 psi chamber

pressure. More data are required for a quantitative functicnal description.

The burn time, tb, is established depending upon whether liquid or solid

is used up first. For the liquid,

Q and for the solid,

_otbf •Mf = mfdt (3.17)

where Mf = weight of liquid

= flow rate of liquid

M s = weight of solid

k s = flow rate of solid

tbf = time to deplete liquid

tbs = time to deplete solid

Consequently, tb is the lesser of tbf or tbs.

@ The flow rates are determzhned from the RSVP equations. The continued

development will assume that the transients comprise a negligible portion

of the firing, i.e._ the throttling is between discrete steady-state thrust IS7
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@
levels. Instantaneous thrust is related to _f and F/S as follows:

I+FI )

whclch reduces to a function of _ressure for a particular design.

mf and F/S are related to pressure as follows:

(3.19)

1

@

c" -I

where symbols have been defined previously, and

(3.20)

(3.21)

(3.22)

Consequently, a stipulated thrust variation corresponds to a unique pressure

variation from which, in turn, the other quantities are defined. _qen given a

thrust-time function, F(t), Eqs. (5.15), (3.16), and (3.19)-(5.22) represent six

equations for the unknowns Isp, C*, V , P, mf & F/S as functions of time.

mf and F/S serves to establish tb and I from Eqs. (3.14) - (3.16).

For continuous thrust modulation, i.e. random wavy or pulsed thrust-time

programs, the transient equations developed in Section 3.2 would have to

be used. The computer output would include a running integral of impulse

and weight expended until either fluid or solid is depleted.

_nowing

@

With the special case of n-I F/S remains constant. In this case, everything

simplifies and the onlyiosses in impulse arethose expressed by _(F/S,P)

in Eq. (3.16). Propellant utilization is full. A major effort under Contract

NAS7-hL_j and in supplementary Company-sponsored work, has been devoted to

the achievement of n-1 solid propellants.
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3.4 RSVP Throttleabilit_ Potential

The throttleability of the RSVP is limited only by the lowest pressure at

which combustion can be sustained stably (i.e. _thout erratic chuffing).

Consequently, rather than perform series of demonstrations of deep throttling, LPC

under Contract NAS7-4_ concentrated on characterizing low pressure

stability limits for a particular rubber base propellant. It was determined

that the low pressure stability limit decreased with increasing motor L*j

much as has been reported for unaugmented solid propellants (23). An

additional factor was found to be the F/S ratio; with increasing F/S, the

pressure-L* instability boundary was shifted to lower values of pressure

and T*. This stabilizing effect of fluid injection was also explained

theoretically, essentiall_ by the same mechanism which reduces the effective

pressure exponent (n) of the syste_ below that of the solid _tself (19).

Knowing the low pressure stability limit, throttling ratio is then determined

by acceptable mass fraction penalty, i.e. allowable high-thrust maximum

pressure. Obviously, throttling ratio can be tripled by allowing the

maximum pressure to be 1200 psi instead of 400 psi; however, it would be

more desirable if stable combustion could be achieved e.g. down to 20 psia

rather than limited to 60 psia.

@

Stability results obtained under Contract NAS 7-4h_ are shown by the solid

lines in Figure 3.7. _e F/S=O.5 line is extrapolated, by the dashed line,

to values of L* corresponding to initial and final values for the motor

sizes considered in this study. For the i00 Ib motorj if the extrapolation

is correct, it is seen that operation at 20 psia will be stable throughout the

burn time of the motor. With the nominal design pressure of 400 psi, the
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throttling ratio would be roughly 20=1 with no additional mass fraction

penalty.

A few demonstraLion-type throttling tests have been made at LPC with either

a dual-manifold injector or by modulation of the valve or supply pressure.

Either way, the liquid flow rate can be modulated, but the dual injector oresumabl_

has the advantage of maintaining good atomization at the lower flow rate.

However, the question of injector design and s ophistication in throttling

devices is not likely to be as serious with the RSVP as it is with liquids

and hybrids. The combustion process is dominated by the efficient com-

bustion of the solid in a zone very close to the propellant surface. The

desired secondary reactions with the injectant in the motor cavity add

10%-20% to the performance of the solid alone, whereas in a bi-liquid or

a conventional hybrid the liquid injection accounts for 100% of the

performance of the system.

O

Demonstrated throttling ratios from I000 psi in 25 lb. motors have not been in

excess of 20:1 to date, limited by low L* and available equipment from previous LPC

hybrid programs. Efficient deep throttling in the hybrid is limited by

the large mixture ratio excursions that result. Step-throttling

occurred with rapid response, and the solid did not extinguish in the

course of the rapid depressurization transient.

3.5 Minimum Impulse Bit ....

LPC has been investigating the question of minimum impulse bit associated

with a main thruster, as it has bearing upon both military and NASA

: Z01
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applications of current interest. Studies to-date have been analytical

in nature, using the transient ballistics computer programs and performing

an error analysis on the results to qualify impulse bit error. This

section will introduce possible modes of operation to achieve impulse bits,

and then present results for two illustrative modes as applied to the

preliminary designs developed in this study. Presumably, experimental

study of minimum impulse bit will occur in the course of RSVP technology

development, wherein the analyses will serve as a useful guide.

@

3.5.1 Methods to Achieve Minimum Impulse Bit

Use of the main thruster to provide small impulse bits can be accomplished

by operating the flow control valve in several possible ways. These

techniques are summarized in Figure 3-8.

One general technique is a valve-control mode, that operates independently

of the motor ballistics which ensue as a result of the valve operation.

One can control the valve action time (time to open or close) tv, the

percentage of the fully-open position that the valve is allowed to reach,

h, and the duration that this valve position is maintained before command

to close, to. The smaller each of these parameters are made, the smaller

the impulse bit. This technique has the advantage of being able to supply

extremely small impulse bits, approaching zero, but at the disadvantage of

no ballistically coupled control and consequently larger error.

O

A second general technique is ballistic (pressure or thrust) feedback

control to co_nand the valve to close. That is_ the valve opens, and when,

e.g._ a certain fraction of equilibrium pressure is reached in the motor, a

ZO5
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pressure-switch signal commands the valve to close. In this mode of

operation, one can control the valve action time, _, and the percent of

equilibrium pressure to be reached (P_) for co, and shut-off. While

this technique will not _eld as small an imvalse bit as can potentially

be achieved by valve on-off control, unless P_ is made to be very small,

it has the advantage of providing ballistically coupled control to enhance

reproducibility.

3.5.2 Results of a Parametric Anal_sis

The results of analysis of two special cases are discussed as illustrative

examples.

@

(1)

(2)

In the pressure-feedback control mode, the valve is co,handed to

close when 90 percent of equilibrium pressure is achieved. Valve

action timej tv, is varied as a parameter. The effect of

variations in ignition delay time (tig) is also examined.

In the valve-control mode, the valve is taken to be fully open

(h=lO0 percent), and the time that the valve remains fully open

is zero (to=<)). In other words, the valve simply opens and shuts.

Valve action time, tv, is varied as a parameter, and the effect of

variations in ignition delay time also is examined. In this mode

of operation, ignition delay time and reproducibility assumes

msximum importance when attempting to minimize impulse bit.

O

In mode i of operation, the impulse bit was studied as a function of @v

.
(valve open or close time, nondimensionalized by the L -governed characteristic

time of the chamber: @v=tv/_), with F/S and n as variable parameters. The

dimensionless ignition delay time was found to have negligible effect

because, in this mode of operation, the valve has to wait for 90% of

Z04
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equilibrium pressure to be reached anyway and the impulse produced by

pro-ignition Compound A vapor is negligible. Sufficient results were

obtained over the spectrum so as to evaluate effects of errors in the

governing parameters. Essential results are summarized as follows:

(a) With decreasing F/S, impulse bit increases and its error becomes

more sensitive to errors in the governing parameters.

(b)

(c)

As the valve time increases as a proportion of the chamber

characteristic time(increasing 9v) , impulse bit increased and

errors in the valve become increasingly significant. On this bas_s it can

be expected that Valve errors will be most significant for the low L*

liquid engines.

Impulse bit does not tend to zero as the valve time approaches

zero. Even if the valve is infinitely fast, the pressurization

to 90 percent equilibrium and the subsequent depressurization to

zero will occur over a finite time as governed by the L* of the

chamber. In fact, this condition is pretty well reached when

the valve time is equal to the characteristic time of the chamber

(tv/V=l). A valve faster than this will show no significant

effect.

(d) With a fast valve (low Ov) and at high F/S, impulse bit decreases

as n increases. With a slow valve and at low F/S, impulse bit

decreases as n decreases. Errors inn were found to have a

significant effect on impulse bit error.

@
With a nominal value of F/S=O.5, and n--0.9, an error envelope is constructed

as a function of 8v as shown in Figure 3.9. For the pressure-feedback

; 05
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control mode of operation, and with the sources and magnitudes of errors

shown in the figure s the impulse bit error is seen to be within +.5 percent.

For the very fast valve (tv/T-->O), the effect of error in the valve time

becomes insignificant but errors in the ballistic quantities_ particularly

n, are found to have a little greater effect. For the slower valve

(increasing _/r), the error in the valve begins to be the dominant source

of impulse bit error. A minimum error of + 2.5 percent appears in the

neighborhood of tv/7=2.

In mode 2 of operation, i.e. the rapid on-off ballistically uncoupled

mode, the following trends were noted:

@

Ca) Impulse bit decreases With increasing F/S, n and ignition delay

time. Indeed, if the ignition delay is greater than the time

required for the valve to cycle, there would theoretically be

no ignition; the impulse bit is then produced by the oxidizer

vapor. This is a nebulous situation, particularly with the

presence of hypergolic vapor in the chamber which could eventually

produce an uncontrolled chuff.

(b) Impulse bit decreases as the valve action time becomes a smaller

fraction of the chamber characteristic time (reduced ev).

Examples of computer outputs illustrating this effect are shown

in Figure 3-10. A similar trend would be noted by fixing the

valve time and increasing the ignition delay time.

@
An error envelope analogous to that presented in Figure 3.9 is shown for

mode 2 in Figure 3.11. In this mode of operation, it is found that the

impulse bit error becomes very large as the impulse bit magnitude tends

2O7
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@ toward zero (faster and faster valve). This is due to the eventually

enormous effect of errors in ignition delay# i.e. will the solid ignite

or not. Consequently, even though the magnitude of the impulse bit can be

very small in this region, tPds region may have to be avoided in practice

because the errors are so great. Note the rapidity at which the impulse

bit error approaches a limiting value of + I0 percent as the valve slows

down beyond tv/T=2. This error is still much larger than exists with

pressure-feedback control. Being ballistically coupled to the motor

operation, pressure-feedback control minimizes effects of ignition delay

error and valve error.

@

With hot gas control (e.g. hydrazine decomposition products), impulse bit

magnitude in either mode is generally a Little larger because of the C* of

hydrazine gases relative to Compound A prior to ignition of the solid.

3.5.3 Numerical Results for Designs in Question

The dimensionless parametric results were quantified corresponding to the

preliminary designs studied in this program. Dimensional inputs are

summarized in Table 3.3. amd assumed errors are stm_narized in Table 3.h.

The values of L* and T correspond to the actual designs; the other values

were assumed based upon available information. The parametric study

encompassed the entire range of dimensionless numbers of interest.

@

Results 1or the pressure-feedback control mode of operation (mode i cited

above) are presented in Figure 3.12. Impulse bit is plotted vs total

propellant weight and corresponding to initial and final values of L*;

F/S is taken as 0.5 and n as 0.9. The design (equilibrium) performance

values of the different sized motors are presented in Table h.1 in 21U
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Error envelope is dashed.

@

The impulse bit error is found to remainfairly constant at about _ _%.

With increasing motor size s the absolute errors in the governing parameters

are smaller. However, because of the values assumed for the valve time

in relation to the chamber characteristic time, 8v increases with motor

size and is in the range where the error influence coefficient increases

with 8v. Consequently, the impulse bit error need not necessarily decrease

with increasing motor size. From the early part of the firing to near the

end of the firing, the value of 8v within a motor decreases substantially;

hence, errors due to the valve are decreased. However, because of errors

in burning rate, there is introduced an uncertainty in the time at which

the motor free volume reaches a certain value. The introduction of this

error tends to make the impulse bit error less sensitive to time within

the firing. Impulse bit magnitude and error for F/S=I.O was found to be

only slightly smaller than reported for F/S=O.5. However, for F/S=0.25;

impulse bit magnitude increased by about 15 percent and the error envelope

averaged out to be about _ 10 percent.

Results for the rapid on-off mode of operation are presented in Figure

3.13. Impulse bit error varies from about _ 7% to + 13% at the initial

portion of the firing, and from about +_ 15% to +_ 20% near-bumn._ut. The

reduction in impulse bit magnitude in the course of the firing is a natural

consequence of the increased sluggishness of the chamber as its free

volume increases.

@
Note that the initial impulse bit in this mode of operation is about 2/3

that in the pressure-feedback-control mode_ this difference is not great

considering the difference in penalty to reproducibility. The error in

214
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ignition delay time, particularly as the value of 9v gets small and tig gets

long, can assume serious proportions regardless of propulsion concept. However,

for the quantitative inputs used (Tables 3.3 and 3.2), the errors did not get as

large as potentially indicated by Fig_e 3.11.

The error envelopes in Figs. 3-9 and 3-11 are also illustrative of how repro-

ducibility varies with varying impulse bit magnitude fora given motor size (i.e.,

by changing valve speed for a fixed initial or final L*). This effect is sho_n

for both modes of operation in Fig. 3-1h. The illustrative example in this figure

is for the iOOO lb. motor design at its initial L_. Corresponding to Fig. 3-9 for

mode i of operation note that the magnitude of the error in this mode _s compara-

tively small and relatively independent of valve speed (or impulse bit magnitude).

Similarly, corresponding to Fig. 3-11 for mode 2, the magnitude of the per cent

error is larger and starts to increase considerably with reduction in bit magnitude -

particularly as t_T approaches unity. Note, also, that as the valve becomes

sufficiently slow, both modes of operation provide nearly the same impulse bit

magnitude.

3.5'_ Concluding Remarks

Although pressure-feedback control produces larger values of impulse bit than with

rapid on-off valve operation, the impulse bit is much more reproducible at a given

valve action time and motor L* (tv/r) with feedback control. To reduce the Lmpulse

bit magnStude with feedback control, the effect of reducing P/_ should be examined;

e.g. command the valve to close when P/_=O.5 instead of 0.9. It is anticipated that

as P/_ is reduced, the reproducibility will be poorer; however, there may be some

threshoid-P/_ above which r _roduci-b-ility-is-still good.

216
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Similarly, in the valve-control mode, it is anticipated that reproducibility

will improve by allowing the valve to remain open for a finite time. But this

will increase the impulse bit magnitude.

By a thorough parametric analysis of the modes of operation, it will be possible

through trade-offs to converge on the minimum impulse bit of acceptable repro-

ducibility.

It is also necessary to investigate the magnitudes of the individual sources of

error as input to the error analysis, e.g., valve manufacturer certification and

observed test performance, batch-to-batch reproducibility of propellants to be

tested, reproducibility in achieving design fluid/solid ratio at steady-state_

and ignition delay reproducibility. All of these tasks should be a part of any

controllable motor evaluation program.

2.0 RSVP COMPONENT WEIGHTS

_.I Effect of Motor Size and Fluid/Solid Ratio

A parametric preliminary design study of the effect of motor size and design

F/S ratio on RSVP mass fraction was conducted under Contract NAS 7-h_9, leading

to a detailed design for a particular application (lO). The present preliminary

design study has made use of the results of the former, extending the range of

sizes in question and correcting the parametric results based upon information

from the detailed design.

A tabulation of component weights, over a wide range of motor sizes for an RSVP

using Compound A as control fluid, is oresented in Table h.1. Corresponding

performance quantities are also included. -Based-upon these data, an approximate ............

weight equation was constructed as given in Table h.2. 250 grade 18% nickel

maraging steel (Vanadium Corporation of America) has been assumed for all tankage.

It is a high-strength steel which has been used in solid rocketry, has good

workability and weldability, and promises to be compatible with fluorinated liquids.

Zi8
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The use of titanium with Compound A is questionable, considering existing infor-

mation with both Compound A and chlorine trifluoride (24). Because of the

possibility of leaking onto adjacent vessels which might otherwise be constructed

of titanium or filament-wound, the maraging steel was used throughout. There is

need for more extensive comparability and storability studies than have been

performed to date.

A curve of mass fraction as a function of motor size for a particular F/S ratio

is presented in Figure 2.1. The boundaries indicate expected accuracy. The

increased accuracy shown for the 5500 lb. size _s indicated because this size

corresponds to the detailed design of Raf. (i0). Use of titanium tankage and

a filament-wound solid motor (particularly for small motors) will improve mass

fraction as indicated by the dashed line. Additional i_provemezt through resort

to warm gas pressurization is also indicated. The sharp curvature in the lines

begin to result from minimum gage considerations; the titanium and filament

winding continue to be efficient to smaller motors than does the maraging steel.

As motor size is reduced further, the miscellaneous components assume increased

significance which enhances the steepness of the line. Compatible aluminum alloys

would be attractive in this range.

Figure 4.2 shows the effect of variations in design F/S ratio on mass

fracticn for a particular size. Given a particular mission_then, the

optimum F/S ratio can be determined by combining these curves or the weight

equation with the effect of F/S ratio on specific impulse (e.g. Figure 3.1).

©
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@

_.2 Alternate RSVP Versions

A weight breakown comparing hydrazine control with Compound A control is

presented in Table h.3. Hydrazine is more state-of-the-art than fluorinated

liquid, has better storability potential, and can be tapped for state-of-

the-art attitude or vernier monopropellant control. The hydrazine RSVP

is shown to operate at lower F/S, because of performance dilution with

increasing F/S. A similar breakdown comparing Compound A control with

liquid fluorine control is shown in Table _._. These results, for hydrazine

in Table h.3 and for fluorine in Table h.4, can be used to modify the

influence coefficients as presented in Table ho2 for Compound A. At a

given F/S, the weight differences arise mainly from differing liquid

densities and insulation requirements.

Use of gaseous fluorine as control fluid provides the ultimate in control

system simplicity. The only control components are a pressure regulator

and a valve, and even the regulator can be eliminated if blowdo_m operation

is satisfactory. For application to large motors, the mass fraction would

be lower than for an equivalent Compound A system but not necessarily

prohibitive; the chief disadvantage would probably be the prospect of

handling large tanks containing considerable weights of the gas at high

pressure at the launch site. For small motors, however (e.g. < lO0 ibs

...................total propellant) not only is this hazard reduced to potentially acceptable

levels but the difference in mass fraction from the equivalent Compound A system

is reduced. Indeed, for sufficiently small sizes where the liquid plumbing

and pressurization weights become proportionately large, the mass fraction

of the gaseous fluorine system becomes greater. Although long-term
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storabiLity of pressurized fluorine gas in flightweight systems is presently

unknown, strong consideration should be given to this concept for small motor

applications. A weight breakdown in two sizes is shown in Table 2.5. The

fluoriretank safety factor is 2.0, as co_pared to 1.5 used for helium and 1.25

used for liquid and solid vessels.

5.0 RELIABILITY

Component failure modes and effects, and failure rate data, are presented in

tabular form in the Appendix. These tables conform to SGC 1069 QR-1 Table 4-8

as the format for SGC 1069 QR-2 Table 4, and to SGC 1059 QR-2 Table 5o

O Failure rate data were obtained from a similar study in association _%th

General Dynamics/Convair, which applied failure rate data for liquid components.

The data simply list failure rates for oertinent liquid and solid components;

it is assumed that matching the two constitute no additional failure.
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materials attack at high temperature levels. The latter appears to be the

most critical area requiring technology improvement, simply because of a

present lack of information. Continuation of solid propellant sterilizability

characterization with appropriate development would be a close second,

however; binder development is the most critical area here.

@
7.2 Influences on Operating Conditions

By causing a change in propellants and inert weights, it is possible that

steri]ization can affect optimum operating conditions. However such a

change would not appear to be necessitated by sterilization.

O 7.3 Influences on Materials Selection

As mentioned above, reactive liquid attack on its container at high temperature

is an important question requiring study.

Another effect of the sterilization might be the selection of ultra-high

strength pressure vessel materials, where otherwise not economically

justifiable; the effect of the temperature cycling on strength should be

investigated.

@

Sterilization may also require development in the area of bonding and liner

materials, similar to propellant binder development. Still other factors

include hydraulic system components, nozzle insulation materials temperature

cycling and LOCKSEAL element integrity, temperature cycling of fittings

and joints, expulsion bladder apart from liquid attack, and electrical

components as they pertain to choice of materials.

2SS
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7.h Influences on Weight

The prospect of sterilization would make the advanced techniques of a hot

gas generator or main tank injection for liquid pressurization more attractive

for the RSVP, than it otherwise might, from a weight standpoint. Of course,

for a liquid or ordinary hybrid, the volume of liquid in question causes a

significant penalty with inert gas pressurization even without sterilization.

Apart from the increased pressure and introduction of different thermal

stresses caused by the sterilization, with associated conservative design,

sterilization can influence weight by affecting choice of materials for

chemical and thermal cycle compatibility. Pertinent study is recommended.

®

@

7.5 Influences on Reliabilit[

The reliability of an RSVP motor, from an in-flight mission standpoint, would

appear to be enhanced by the sterilization process. Not only would there

be conservative design and choice of materials to withstand the sterilization

cycle over and above the actual in-flight duty cycle, but also the steriliza-

tion offers an additional quality control test as a by-product. For

example, the ability of the materials in contact with Compound A to withstand

the temperature cycling would virtually assure long-term storage comparability

in the mission. The ability of structures to withstand loads under high

temperature (e.g. the helium tank, or the liquid tank holding vapor pressure)

would add assurance to their functioning in the mission. Choice of the

solid motor case material for strength after cycling can serve to reduce

some effects of insulation failure modes, as would also be the case for

nozzle components. Absence of leaking following sterilization would add

assurances that leaking would be minimized during the mission. Hermetic _3
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sealing for isolation purposes (bacterial and vacuum) would be necessary.

Because complete isolation of the unit is a part of the sterilization

process, some thought should be given to techniques for remote detection

of potential failure modes as brought about by sterilization prior to

flight. This can be done to some extent by the instruments suggested in

Table 4 of the Appendix, which can telemeter information and/or institute

remedial action in space, but there may be other techniques which can be

used while the system is still on the ground (e.g. X-ray). Having

satisfactorily withstood sterilization, there would appear to be added

assurance for in-flight success.

@ 7.6 Influences on Development Time and Cost

It would appear that the demonstration of sterilizable solid propellant in

the course of research and technologT programs would be prerequisite for

system development for a particular application. Consequently, no additional

development time or costs need be incurred by the sterilization requirement

in the course of propellant development.

@

It is difficult to assess, at this time, what sterilization will really do

to component development time and cost. Conceivably, costs could come

down in certain areas. For example, the sterilization requirement could

dictate a cbmice of materials which although heavier may be easier to forge,

form or machine. Compound A may not be suitable; an alternate liquid may

be much cheaper although less ener_,,etic. Questions of this nature are

yet to be resolved. Undoubtedly, sterilization introduces additional design

problems which will increase design time and cost. Effects on production

Z37
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@ costs will be a function of the sophistication of the design solutions and

the choice of materials; here_ labor costs will probably predominate and

could increase or decrease depending upon the results. Certainly, additional

testing and qualification would be necessary, which may turn out to be the

major source of increased time and dollars as brought about by sterilization.

Costing exercise based upon design studies which account for sterilization

are recommended so as to obtain information of a quantitative nat_Are.

@
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APPENDIX: TABULATION OF INFORFLATION ACCORDING

TO SGC 1069 QR-2 FORMAT

The folloving series of tables will attempt insofar as possible

to follow the Space General format as presented in its report

SGC 1069 QR-2. Ho_ever, as discussed in the text, there is no RSVP

"baseline" system save what may be arbitrarily defined. This has

been done to some extent through physical description, performance

and weights in the text, within the limitations of the RSVP develop-

ment status as discussed in the text. The motor for which the most

complete set of data are supplied corresponds to the i000 ib

CompoundA/Solid RSVP, as summarized in the second column of Table 4.1

in the text. The motor size depicted in Figure 2.2, ho_ever, corres-

ponds to 5500 Ibsof propellant, but is configured the same way.

Much of the tabulated information requires and makes reference

to discussions in the text. It is hoped that these discussions will

be included as necessary supplements in the report to the NASA.
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1.0 INTRODUCTION

Unmanned space missions planned for the next 15 to 20 years include

a wide range of propulsion system design requirements. High energy

hybrid propulsion systems offer propellant specific impulse comparable

to high energy bipropellant liquid propulsion systems while requiring

approximately 40 percent fewer components in a typical application.

The space storability of the hybrid propulsion system is excellent

since only one liquid propellant tank is required, thus precluding a

possible system failure from an insulation breakdown between two high

energy liquid propellant such as fluorine and hydrogen. The fewer

hybrid propulsion system components relative to a comparably per-

forming bipropellant liquid propulsion system offers higher inherent

system reliability and lower development costs. Hybrid propulsion

systems are capable of thrust management and throttleability adequate

for many mission requirements.

In order to allow realistic evaluations of the hybrid propulsion

system performance for future space applications, parametric design

data have been prepared and compiled under this subcontract. The

hybrid design data compiled under this contract is to be used by

NASA to evaluate the relative performance of liquid, hybrid, and solid

propulsion systems for future unmanned space missions.

O

The hybrid performance, cost, reliability, and weight data were to be

based primarily on the UTC throttleable, high energy hybrid development

program performed under Contract NAS 7-475. The hybrid design covers

a thrust range from 2000 to 20,000 pounds, a nozzle expansion area

ratio range from 20 to 70 and a chamber pressure range from 75 to 500 psia.

_/. 2GO
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Since hybrid propulsion systems are in the development stage much

of the pertinent data relating to flight performance, reliability,

and cost had to be predicted.

A parallel study was also to be completed for the Scout FW-4S

solid motor. This study used existing design brochures, available

cost information, and reliability studies. The solid motor data is

for a single chamber pressure and grain configuration. Increases

and decreases in total impulse were calculated by varying the case

length and using the appropriate throat diameter to maintain the

nominal 700 psia pressure. Data was readily available only for the

solid propellant motor, hence no staging information was given in

this study. The thrust range covered was from 3000 to ll,0C0 po_:nds.

Hybrid propulsion system design information for the Voyager

program was not included in this report due to lack of available

hybrid preliminary design study for this mission. A comparison of

a solid propellant de-orbit motor for the Voyager vehicle calculated

from the parametric FW-4S design data compiled under this contract

and a separate UTC preliminary design study was included in this

report.

@
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2.1 HYBRID PROPULSION SYSTEM

Under phase VII of NASA Contract No. NAS7-311, United Technology

Center (UTC) provided design and analytical support to Douglas Aircraft

Company (DAC), Missile and Space System Division, in a design study

conducted to evaluate hybrid propulsion systems for upper-stage

applications. The major application considered was the third-stage

Delta designated DSV3E propulsion system.

Tradeoff design studies conducted by UTC and DAC resulted in

optimum design specifications for the thrust chamber assembly (TCA)_

of the third-stage Delta propulsion system. The design specifications

are listed in Table 2-1. The resultant hybrid TCA design was chosen

as the base system for generating parametric design data for this

report. The design was based on a three-spoke cartwheel fuel grai_

configuration as shown in figure 2-1. The three-spoke design was

chosen because more test data was available and good internal mixing was

achieved with this number of fuel ports. However, variations of the

base design can use a different number of spokes without significantly

changing the grain ballistics or motor performance. The base stage

design used for this report is sketched in figure 2-2. Descriptions of

the motor and stage components are presented in the following paragraphs.

O

*The thrust chamber assembly of a hybrid propulsion system consists

of the oxidizer control valve, oxidizer distribution manifold and

injector assembly, fuel grain, combustion chamber_ insulation,

and exit nozzle.
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TABLE 2- I

THIRD-STAGE DELTA HYBRID PROPULSION REQUIREMENTS

Parameter Value

Chamber pressure, psia 250

Burning time, sec Ii0

Expansion ratio 52

Thrust, ib 6900

Grain diameter, in. 27.5

Fuel IiFX 2081

Oxidizer 80/20 FLOX

Mixture ratio 3.5

Number of starts (maximum) 5

O

@
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2.2 HYBRID PROPULSION SYSTEM COMPONENT DESIGN

2.2.1 Oxidizer Valve

An electrically actuated flow control valve based on redundant torque

motors driving a translating pintle through a ball screw drive was selected

for this application. This valve was selected over a pilot-operated solenoid

valve, which was the next most promising valve, for two reasons: (I)

substantial experience has been acquired with the torque motor valve con-

figuration with FLOX and (2) high reliability can be achieved with this

valve using triple redundant torque motors so that failure of an_, one

actuator does not prevent the valve from operating. With solenoid valves;

separate series parallel valves would be required to achieve comparable

reliability. The oxidizer valve assembly is sho_ in Figure 2-3.

Aluminum was selected for the valve body material, resulting in a

valve weight of only 6 lb. This weight corresponds to the valve weight_ of

experimental units now bein G evaluated at U£C.

2.2.2 Injector

The oxidizer distribution manifold and injector assembly is an integral

aluminum unit which also forms the polar boss and forward closure

of the combustion chamber. One injector unit is provided at the forward

end of the grain at the center of each fuel grain port. The injecter_ are

fixed orifice spray nozzles. In addition, a centrally located wide-angle

spray nozzle is incorporated in the aft face of the fuel grain. Approxi-

mately 10% of the total oxidizer flow rate is diverted to the aft end of the

motor to improve combustion efficiency and to provide a means for pre-

selecting lower thrust levels should this be desirable for alternative pay-

load weights. By changing injector orifice sizes, the .head and aft flow

Z6S
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distribution can be adjusted to maintain the optimum propellant mixture

ratio while operating at reduced thrust. A typical hybrid injector

assembly is shown in Figure 2-4.

2.2.3 Hybrid Fuel Grain

A family of hybrid fuels based on high energy alkaline metals have bern develope_

and extensively tested at UTC over the last four years. These fuels

also simplify grain design because of their relatively high regression

rates. The composition of five currently operational fuels, designated

HFX 2080 through HFX 2084 are shown in Table _ II.

TABLE 2-11

COMPOSITION OF HIGH ENERGY FUELS

(PROPRiLTARY & CLASSIFIED)

0

0

The UTC fuel HFX 2080 was the first lithiated formulation tested in small

motors. This formulation is not suitable for applications requiring

restart, however, since it sustains combustion after oxidizer flow is

terminated because of a reaction between the lithium metal and the

binder. The fuels HFX 2081r2, and -3 were subsequently formulated. These

non-sustaining fuels vary only in binder composition. In HFX 2084, however,

the binder level was increased to improve performance with

OF 2 or (70/30 FLOX) by providing additional carbon for reaction with the

oxygen in the oxidizer. This fuel is the optimum formulation for re-

startable (nonsustaining) operation with OF 2. In addition, HFX 2084 is

Z70
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readily processed and cast by the conventional grain fabrication methods

and cures into a tough rubbery fuel with excellent mechanical properties.

2.2.3.1 Grain Internal Ballistics

The internal ballistics behavior of lithiated fuel systems has

been extensively characterized over a range of oxidizer mass flux value.=_

of to Ib/in.2-sec. It has been found that the regression rate

of these fuel systems is accurately correlated by the following equation:

= A Go n

For this hybrid propellant system A =

n =

where

= instantaneous regression rate, in/sec

Go = instantaneous oxidizer mass flux Ib/in2-sec

A = constant characteristic of the particular syste_,x

2.2.3.2 Impact Sensitivity

Tests to determine the impact sensitivity of typical l[t!_i_m f:e_taJ_in_

fuels were conducted because the quantity of energy available from the

lithium-hydrocarbon reaction indicated the possibility of shock-induced

hazardous behavior. The impact sensitivities were measured under an

argon atmosphere at standard conditions. No sparkin_, deflagration, or

detonation were noted under an inert atmosphere with impacts up to 300

kg-cm, although sparking was noted at 60 kg-cm impact in normal atmosphere.

The nature of the sparking sugges_d that metallic lithium was being ignited

by friction from the striker. From these tests it was concluded that impact

hazard is not a problem with these fuels. In addition, when some samples

were ignited in air, they exhibited a low-order smoldering which was readily ........

extinguished. No detonation has ever occurred.

£72
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2.2.3.3 Moisture Sensitivity

An indication of the susceptibility of lithium fuels to atmospheric

moisture was provided by experiment. Slab samples of typical lithium

fuels were stored at 40°C in air saturated with water vapor. Weight

gains for the samples ranged from 4 x I0 "6 ib/in2_,to 6 x lOT 6 lb#In 2 hr.

gain with time was asymptotic rather than linear reflecting a decreasir, g

lithium concentration in the surface layers.

The lithium based fuel grains can be handled for short periods in

a normal atmosphere because even under the severe test conditions, the

weight gain was not significant during the first hours of exposure.

Weighing and mixing of the fuel ingredients, however, are normally

carried out under dry argon.

@

O

_xperience obtained on the NASA contract (NAS7-311) with beth sub-

scale and fullscale motors has shown that these lithium fuel grains ca:_ be

stored for up to six months without any degradation _n performance. F_r

instance, cast subscale fuel grains have been store4 4 to 5 months before

motor assembly, restored another 4 to 5 months and operated satisfactorily

in static test firings. Two fullscale 17-inch diameter fuel grains were

cast into filament wound shells and assembled into a fiberglass flightweight

type motor and stored 3 months before testing; One of these motors was

stored another 5 months and again was successfully static fired. All

the motors were stored in the same manner by placing three or four desiccant

bags inside the assembly and sea]ing the nozzle and injector holes.

2.2.3.4 Vacuum Storage

Samples of typical lithium containing fuels have been subjected to

-/3---
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high vacuum in order to determine its behavior in space conditions

such as those which typically occur during coast periods. Test samples

were subjected to vacuum conditions at 150 miles simulated altitude. One

set of samples was subjected to ten days storage at ambient temperature

whereas the second set was subjected for a similar period of time but

at +165OF. At the end of the test period, weight loss determinations

were made as well as tensile testing to determine if any changes occurred

in physical properties. No significant weight loss or mechanical property

variation was noted in any of the samples.

2.2.3.5 Effects of Radiation

Several fuel samples have been subjected to radiation doses from a

colbalt-60 source followed by testing on an Instron machine. Doses up

to 9.3xi06 rads which is representative of the maximum expected in two

years space storage were imposed. The results of this radiation study

indicated that almost no change in physical properties occurs. T!_ere

appeared to be a small increase in maximum stress levels without changing

the elongation properties , an effect similar to that of aging.

2.2.3.4 Vacuum Ignition

Ignition studies were conducted on ]ithiated fuels to demonstrate

the vacuum hypergolic ignition characteristics of the system with FLOX and

OF 2. A total of 15 motor starts, three with OF 2 and 12 with FLOX, were con-

ducted at conditions simulating altitudes over 115,000 ft. Ambient

pressure appeared to have little effect on ignition delay of this system,

probably because tlle thrust chamber is pressurized by the vaporization of

the oxidizer prio_ to any reaction ....The_major parameter affecting delay

time appeared to be the oxidizer mass flux. At an oxidizer mass flu>:

value of 0.025 ib/in2-sec, which is lower than that which would exist

during a restart with the proposed propulsion system, the ignition delay wes
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approximately 250 milliseconds with FLOX at -310°F. It is interesting

to note that FLOX was found to be two to three times as reactive as

OF 2 •

2.2.4 Combustion Chamber

2.2.4.1 Case and Liner

The combustion chamber case_as a glass filament-wound epoxy-resin

structure with isotensoid end domes. The case design was based on a com-

posite material strength of 128,000 psi and a safety factor of 1.25.

The base design operating pressure was 250 psia. Equal polar opening

diameters were employed to provide a constant wrap angle for the helical

windings.

The case would be fabricated by wrapping over the preassembled and

lined fuel grain and the fore and aft closure insulation. Helical windings would

be applied to a thickness of 0.0132 in., prefabricated attach skirts bonded

to the case, and additional hoop windings applied to provide a wall thickness

of 0.0336 in. in the cylindrical section of the case.

An epoxy versamid liner 0.03 in. thick would be applied to the fuel

grain and cured prior to wrapping the case. This liner protects the case

for approximately three s_coods should the fuel grain burn through locally

when the fuel is nearly consumed.

O

2.2.4.2 Case Insulation

Nylon cloth phenolic was selected for the forward and aft closure

insulation material. This material was selected because test data have

shown it to have amodemte,even erosion rate with very little char formation.

The maximum average erosion rate (near the nozzle) for this design would

be approximately 0.0073 in/sec, based on test data.

_/S--
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Other insulation materials are available with lower erosion rates,

however, these form a heavy char layer which radiates excessive thermal

energy back to the fuel grain at shutdown. Such radiation deteriorates

the aft face of the grain during coast periods.

The insulation was sized with 20% excess material to provide a

margin of safety if uneven erosion occurs.

2.2.4.3 Nozzle

The exit nozzle is an uncooled design with a nozzle expansion area

ratio of 52:1. The nozzle shape is a 70% bell contour.

The throat section is comprised of CARB-I-TEX with annealed pyro-

lytic graphite rings at the throat. The pyrolytic graphite rings are

oriented to provide high _hermal conductivity normal to the exposed material

surface to prevent excessive erosion of the throat. Annealed pyrolytic

graphite rings are employed to minimize axial growth of the rings.

The exit cone material is tape-wound graphite phenolic which has

shown excellent resistance to erosion in tests with similar propellant

combinations.

The base design assumes the most severe case of heat soak between

engine restarts. In this case, the maximum thermal penetration occurs

during coast and it is assumed that no significant amount of cooling

has taken place prior to the next restart. Depend nt on the duty cycle

required of the motor, it may be possible to reduce the nozzle weight

from _ I00 ib to approximately 60 ib, substantially in-

creasing the motor mass fraction.

2.2.5 FLOX Oxidizer

Mixtures of fluorine and oxygen yield a very reactive oxidizer
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with excellent performance. The physical properties of the two

chemicals are very similar. One significant difference is found in

their vapor pressures. These differences result in different boil-off

rates which can result in a change in the composition of the remaining

liquid if the boil-off gases are vented to the atmosphere. These

composition changes can be completely precluded by including a

condenser in the ground support equipment to recycle the boil-off

gases back into the flight tank. Although the flight _nk is insulated

and loading takes place at the last practical time, some hold capability

is necessary. In case of a test delay, even relatively long hold periods

such as I0 days are feasible. This combination of requirements necessitates

the use of a recirculating closed system rather than an atmosphere vent.

O

Both the NASA and Air Force programs conducted over the past four

years have conducted extensive test firings with FLOX and Li/LiH/Binder fuel

systems. In no instance has this combination resulted in a catastrophic

incident or even uncontrolled combustion. For example, a pressure tap

failure in one test stand control valve allowed a stream of FLOX to

spurt through a ½ inch line under a pressure of I000 psi. The stream

happened to be directed upward in range of the recording cameras and

was consequently recorded and studied. It was noted that even this large

flow of liquid vaporized within a few feet of its entrance into the

atmosphere. The resultant cloud of reactive oxidizer swirled about the

motor test stand and quickly dissipated. No combustion occurred with the

motor or on any of the test stand components.

O

2.2.6 Oxidizer Feed System

The liquid feed system includes the oxidizer tank with insulation,

pressurization system and the associated feed lines, valves and fittings.

- /7-
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A flow schematic of the proposed system is presented in Figure 2-5

and a description of the principal items is presented in the following

sections.

2.2.6.1 Oxidizer Tankage and Insulation

Type 2014-T6 aluminum was selected as the primary candidate

material for oxidizer tank construction. The tank is fabricated i_ hemispheres and

welded together. The material has a room temperature ultimate strength

of 68,000 psi and a density of 0.I00 ib/in. 3

The oxidizer tankage is insulated to preclude venting of the

oxidizer to the atmosphere due to boil-off. The primary source of heat

transfer to the oxidizer is through conduction at the points where the

tankage and its support structure come into contact and through feed lines.

Special design considerations were assumed for the study to minimize the

effect of these paths.

A vent switoh and valve assembly were used with the oxidizer tankage

as a safety feature.

2.2.6.2 Pressurization System

Four spherical tanks, were employed for the high-pressure helium

supply. These vessels were designed for a rated pressure of 5250 psia,

750 psi above the nominal value. The tank material was 6AI 4V titanium

alloy with an ultimate strengt h of 170,000 psi and a safety factor on the

rated pressure of 1.5.

A two-stage pressure regulator was used between the helium supply

and the oxidizer tank to provide a constant oxidizer tank pressure of

350 psia during motor operation.
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Several alternate approaches to pressurization which can reduce

pressurization system weight were considered. These systems were,

(I) a turbopump feed system, (2) a helium pressurization system with

the helium passing through a heat exchanger located in the exit

nozzle prior to entering the oxidizer tank, and (3) a solid propellant

augmented system wherein the solid propellant combustion gases are

added to the helium pressurization system for the purpose of adding

heat, and (4) monopropellant hot gas generator. These approaches were

not selected for the base propulsion system primarily because it is believed

that they would significantly add to development cost and time. They

could be considered for an uprated stage.

2.3 HYBRID MOTOR PERFO_IANCE

High-energy propellant systems, such as the systems of interest in

this study, are characterized by high combustion chamber temperatures and

theoretical equilibrium performance. The high temperatures encountered

in the combustion of these propellant systems cause substantial dissociation

of the combustion products. The rapid expansion os these exhaust products

in conventional rocket nozzle contours does not allow equilibrium re-

combination of the dissociated species. As a re_.,!t, a performance loss

is encountered in the expansion process. Both chamber pressure and propellant

mixture ratio affect the loss, due to their effects on reactant concentrations.

This nonequilibrium or kinetic loss has been evaluated through the tJse of

the Bray sudden freezing criteria in a UTC computer program . (Ref. 2-1)

O

Additional performance losses are experienced in a hybrid motor due

to poor reactant mixing, local mixture ratio deviations, incomplete combustion,

heat transfer, friction, divergence, two phase flow and possible weak shocks

in the nozzle. The losses encountered in the engine can be measured by the
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combustion efficiency _c* and the nozzle stream efficiency"_cf.

These losses are defined as follows:

/: c* = Combustion efficiency = C* delivered
C* shifting equilibrium

@

_/ c = Nozzle stream efficiency = Cf delivered ,

s (vacuum conditions only) Cf ideal

The 7_c, efficiency is a measure of the efficiency of a selected injector

and chamber design and accounts for all chamber losses due to incomplete

combustion, poor mixing, and heat transfer. In the NAS7-311 program, UTC

demonstrated combustion efficiencies in excess of 96% with FLOX-Lithium

propellants. If the engine is throttled the combustion efficiency tends

to decrease with thrust as shown in Figure 2-6. The combustion efficiency

was measured for a 22-inch motor and has been normalized with respec_t

to the fixed thrust efficiency.

The nozzle stream efficiency accounts for divergence, heat transfer,

friction, two phase flow, and other acrodynamic flow losses which occur im

the nozzle. This quantity is nearly independent in magnitude of the

kinetic loss in the nozzle; therefore, the nozzle thrust coefficient

Cf ideal is the maximum thrust coefficient available to the engine after

the kinetic loss has occurred. Then

= Isk g = Kinetic thrust coefficient

CF K Ci

therefore

Cfd = _,Cs . CFK = Delivered thrust coefficient.

O

-The nozzle stream loss _cs) has been calculated for supersonic flow

in bell nozzles with program such as that described in reference 2-2.

These losses are as follows for two conventional bell nozzles:
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O Divergence losses

Heat and friction losses

Nozzle stream efficiency

70% bell_ = 40 80% bell_- = 40

1.5% 1.0%

1.2% 1.2%

97.3% 97.8%

\J

O

The performance model used to predict the delivered specific impulse

is described as follows:

i. Performance losses are independent of each other.

2. Performance is calculated by

Isp = ISPoDl E -Alspc, "LilspK -/klsp N -Z_Isp ¢ -/-lisp(

where:

IsPoDiE = theoretical shifting equilibrium specific impulse

g_ISPc, = IspoD!E (i -_c,) combustion loss

Z_ISPK

_sp N

T

"sP2_

_sp_

= the kinetic specific impulse at the theoretical

combustion temperature (_c* = 100%)

= isPO21E (I -_cs ) = nozzle loss

i (i -'_2_)_ = two-phase flow loss= sPODIE

= isPODiE (I -2/_) = nozzle expansion area ratio loss
(duty cycle).

This independent evaluation of the losses gives a straightforward

method of predicting real engine performance. The model assumes that

the interactions between the various performance losses are negligible.

The method begins with the calculation of ODIE performance and combustion

product composition and physical properties. The energy release per-

formance losses are calculated and comprise the combustion losses. The

Q kinetic losses are then calculated, based on the kinetics and

thermodynamics of the recombination reactions of dissociated species.
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Finally, the boundary layer and gas particle flow losses are summed to

give the combined nozzle flow losses. The combustion, kinetic, and

nozzle flow losses are summed to give a total Isp loss which is sub-

tracted from the ODIE performance to give the predicted delivered

specific impulse. Mixture ratio variations are not included in the

predictions, since they have not been established for the hybrid motor.

The predicted performance losses of the UTC hybrid motor are out-

lined in Table 2-111. The expected accuracy of the predicted performance

is _ i0 seconds which is limited primarily by the accuracy of present

kinetic rate constant data for fluorinated propellant systems.

Tests by UTC indicate that pulse mode operation of the high energy

hybrid engine is currently not practical. Due to the variation of chamber

volume with burn time the minimum impulse bit of the engine is predicted

to vary between 700 and 2,000 ib-sec depending on the burn time. This

and other pertinent performance data are summarized in T_ble 2-1V for t_e

base system under consideration.

Parametric equilibrium and kinetic specific impulse data are presented

in Figures 2-7 - 2-10. This data can be used to predict engine performance

at various chamber pressures, expansion ratios, and thrust level by using

the independent prediction technique. The combustion and nozzle flow
be

losses can be considered to nearly/constant over the ranges under con-

sideration.

@
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TABLE 2-111

UTC HYBRID MOTOR PERFORMANCE EVALUATION

Design Parameters

P = 250 psia
C

= 52.0

% Bell = 70

M.R. ='3.5

F = 6900 Ib

Efficiency

Combustion (c*)

Kinetic

Nozzle flow

96%

Bray criteria

97.3% (98.5 divergence, 98.8 heat

and friction)

O

Predicted I s

Is = Is _ ,-

p pODIE -, Isp K -i Isp N "

Propellant

Mixture Ratio

iSp ODIE

"_.I (Combined combustion

.... SpC* chamber losses)

•Is (Nonequilibrium loss)
pK

(Combined nozzle
....ISpN losses)

(Delivered specific
Isp impulse)

@

F_ OX/HFX 2080

3.5

417 seconds

-i0

377

g85
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2,4 SUBSYSTEM AND COMPONENT WEIGHT DATA

The component and subsystem weights were calculated with a computer program

(HSWOP) developed at UTC over the past several years. HSWOP is a

computerized method of calculating parametric design information for hybrid

propulsion systems. The program allows an evaluation of the interactions

and relative merits of the numerous design options such that the design

resulting in optimum stage performance can be selected relatively rapidly

and efficiently.

O

Tile basic propulsion system design criteria options available in the

program are:

I) Specify lift off weight and payload weight.

2) Specify velocity increment and payload weight.

3) Specify lift off weight and velocity increment.

4) Specify lift off weight and weight of usable propellant.

5) Specify total impulse and velocity increment.

6) Specify total impulse and payload weight.

7) Specify usable propellant and velocity increment.

With any of above options specified the program calculates the hybrid

propulsion system design parameters.

The program also defines the geometry of the nozzle and calculates

the engine performance. With the nozzle geometry described by the length,

expansion area ratio, percent bell, and exit diameter, the program defines

the contour of the nozzle in X and Y coordinates and calculates tl_e weight .....

and balance.

O

- 591
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The hybrid fuel grain is designed in accordance with the latest UTC

hybrid grain design technology. The grain case is also calculated as a

function of geometry, materials of construction andsafety factor.

Finally, the weights for all the various subsystems and components

of the stage such as the oxidizer tank, oxidizer tank pressurization

system, the injector, oxidizer valve, and various other components are

calculated. The expected accuracy of the dry weight calculations is

within +__10% for each component and +_ 5% for the total propulsion system.

The weights of the thrust chamber assembly include the oxidizer control

valve, oxidizer distribution manifold, injector assembly, fuel grain, combustion

case, insulation, and nozzle. The oxidizer assembly includesthe feed and fill

systems, oxidizer tank, oxidizer, and pressurization system. The weights of

the propulsion system (thrust chamber assembly, oxidizer assembly) and the

typical high energy hybrid stage (propulsion system, guidance electronics,

support structure, miscellaneous) are tabulated in Table 2-V for the base

system and Table 2-VI for the parametric design data. The motor and stage

mass fractions are plotted in figures 2-11 through 2-13 for cold gas pressu-

rization and Figure 2-14 for monopropellant pressurization. The mass fractions

are defined as follows:

Motor Mass Fraction = Usable Propellant Weight

Propulsion System Weight

Stage Mass Fraction = Usable Propellant Weight

Hybrid Stage Weight

+ _.
N

The expected accuracy of the stage mass fraction calculation is within

The payload capabilities of several typical cold gas pressurized

hybrid stages are plotted in figures 2-15 and 2-16 for e = 40 and Pc = 150

..........psia. A detaiieddescription of HSWOP and several 0utput listings appear

in Appendix A which is proprietary.
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@ 2.5 HYBRID SYSTEM ANALYSIS

The hybrid propulsion system consists of five (5) major assemblies:

the pressurization system, oxidizer and tank system, oxidizer control

system, case, fuel grain and the nozzle assembly.

f_

\_._ J

Although hybrid systems are new and some development is necessary,

there is no reason that the ultimate predicted reliability cannot be

reached in the immediate future given adequate reliability and quality

controls.

O

2.5.1 System Success Diagram and Reliability Summation

The functional success diagram is shown in figure 2-17. This diagram

depicts the major assemblies and their interaction chain which is necessary

for success. The subsystem assemblies have a series relationship with each

other such as that shown in the math model below.

k

FIRE

COMMAND

PRESSURIZATION

ASSEMBLY

CASE & I

FUEL

ASSEMBLY

oxiDizER1 oxiDizJii& TANK CONTROL .............

ASSEMBLY ASSEMBLY

NOZZLE

ASSEMBLY

) SUCCESS

®

Rsystem = Rpressurization x Roxidizer x Rox" control x Rcase & fuel x Rnozzle

Rsystem = (.999445)(.998915)(.998451)(.999432)(.998318)

Rsystem = .9944 max.

Figure 2-17. Hybrid Propulsion System Functional Success Diagram
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@ 2.5.2 Pressurization Assembly

The pressurization assembly consists of high pressure helium

tankage, controls for pressurizing them and additional controls for the

initiation and regulation of the pressurization gas as it is needed in

the oxidizer tank. The failure mode analysis of the pressurization system

indicates that most failures will result in either no ignition or low thrust

as a resu_ of loss of helium due to leakage.

The functional success diagram is shown in figure 2-18 below:

O

I HELIUM

BOTTLES
He [ ] SOLENOID i I SQUIB

Q.D. i--! SHUTOFF F-----] VALVE

! t...........J I

LINES &

FITTINGS
PRESSURIZATION SYSTEM SUCCESS

2-STAGE

REGULATOR j

Figure 2-18. Pressurization System Functional Success Diagram

2.5.3 Oxidizer Tank Assembly

The oxidizer tank assembly consists of the tank itself and controls

for filling, draining and venting the tank as required. The system for

filling and draining the tank Offers a degree of redundancy in the failed-

open mode, which eliminates approximately 1,000 failures per 106 missions.

The analysis shows that the highest number of failures will result in

low thrust because the vent valve failed.

Q The functional success diagram is shown in figure 2-19 below:



@

x--'X

i

OXIDIZER

TANK

I iH ....VENT VENT

CONTROL CORq_ROL

SWITCH VALVE

OXIDIZERQ.D.

FILLVALVE

OXIDIZER

Q.D.

--i DRAIN IVALVE

I II

" SUCCESS

©

Rassembly = Rtank x Rsw x Rvent x R I x RII

R I : RII : RQ.D.Rvalv e + RQ.D.Qvalv e + QQ.D.Rvalve

= RQ.D.Rvalv e + RQ.D.-_.D.Rvalv e + Rvalv e - RQ.D.Rvalv e

= RQ.D. + Rvalv e RQ.D.Kvalve

.'. Rassembly = Rtank x R x Rsw vent x 2 [ RQ.D. + Rvalv e - RQ.D.Rvalv e ]

Figure 2-19. Oxidizer Tankage Functional Success Diagram

2.5.4 Oxidizer Control Assembly

The oxidizer control assembly consists of the oxidizer valve, an

electronic control unit and motors to open and close the valve and the

injectors which provide the means to spray the oxidizer in the combustion

chamber. The three (3) motors offer a degree of redundancy in that any

two will override a failed third and still meet mission requirements.

@



O The system was analyzed on the basis that no modulation of thrust

would be required and that response time was not a critical factor.

However, the system design is such that even if modulation is required

and response (within normal limits) becomes critical, only a small

increase in failure rate will be incurred.

O

Failure to ignite, terminate and low/zero thrust all contribute

more or less equally to system failures as a result of failures of the

electronic control unit. It is not expected that the injector will be as

significant a contributor to failures in a hybrid system as it would be

inaliquid engine because the criticality of dimensional tolerances,

fuel to oxidizer lead or lag considerations and interpropellant weld

considerations are not required.

The functional success diagram for the oxidizer control assembly and

its associated electronic control unit are shown below in figures 2-20 and

2-21, respectively.

OXIDIZER

VALVE

ELECTRONIC

CONTROL

UNIT

TORQUE

MOTOR

;%

1%

_ _J TORQUE ]
'_ "_ [ MOTOR

i

___ TORQVE i--MOTOR

INJECTOR

O

Figure 2-20. Oxidizer Control Valve Functional Success Diagram 304
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Iv°L °El_d,J
2 3

[ :

Rsystem = R 2 R 3 R 4 R 5 R 6 R 7

+ + = I
R 6 = RaRbR c + QaRbR c RaQbR c RaRbQ c

@
R = R b = Ra c

Qa = 1 - R a

Qa = Qb = Qc

Figure 2-21. Electronic Control Unit Functional Schematic

2.5.5 Case and Fuel Assembly

The case and fuel assembly is made up of a double wound filament

case, insulation/lines and the fuel grain. Since the oxidizer and fuel

are normally hypergolic, an ignition system is not required.

®

The safety factors for both the case and insulation are sufficiently high so

as not to be a significant contributor to the system unreliability.

The major failure contributions will be the result of fuel-binder variations

which result in too fast or too slow a burning rate. The failure rates

- _" 30S



@ given may be conservative since they are based upon solid motor experience

which must control fuel binder, oxidizer and other additives very closely

to get the correct combustion rate. In a hybrid system this is not

expected to be as critical as in a solid motor. In addition all failures

due to grain cracking, slumping or spalling have been entirely eliminated.

\ /

The functional success diagram for the case and fuel assembly is

shown below in figure 2-22.

I CASE --I INSULATION _ LINER I-

FUEL

GRAIN
v

O
Figure 2-22. Case and Insulation Functional Success Diagram

2.5.6 Nozzle Assembly

The nozzle assembly consists of a buried graphite nozzle with an

annealed pyrolytic graphite throat and a filament wound case. The great

majority of the failures are expected to be the result of structural

failure of the nozzle or throat resulting mainly in loss of thrust or

in some cases loss of vector control.

The functional success diagram for the nozzle assembly is shown

below in figure 2-23.

O
NOZZLE I_ NOZZLECASE INSULATION

Figure 2-23.

I T_OAT I O-RINGS(2) i BOLTS

Nozzle Assembly Functional Success Diagram
306



O

O

2.5.6. Failure Mode Analysis

The failure mode analysis worksheets for the hybrid propulsion system

appear in figure 2-24. These sheets summarize the modes of failure and

the number of failures per million missions for each component. The

effect of a given failure mode on the system is also given.

2.5.7 Reliability Growth of Hybrid Propulsion Systems

The expected reliability growth of the high energy hybrid propulsion

system at the 90% confidence level is plotted in figure 2-25. This

expected growth is based on the current hybrid target vehicle propulsion

system development program at UTC under Air Force Contract No. AF 04(511)-11632.

Although the hybrid target vehicle has multimission capability and is a pre-

packaged system, the problem areas and failure modes are similar to those

expected for a high energy upper stage propulsion system. The method

of prediction is related to the technique used in calculating the reliability

of the UTC FW-4S solid motor.

O
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2.6 System Development and Production Costs

The development and production costs for the hybrid propulsion

system are calculated with a computer program subroutine developed

during this contract period. The Value Effectiveness Procedure (VEP)

provides a rapid means of generating parametric costing data. The

program model is primarily based on costing information in

reference 2-3. The expected accuracy of the engineering cost data

generated by this program is _25%.

The first unit production costs are based on the component weigbt

in the manner shown in Table 2-VII. At present there are no hybrid upper stages

in production, hence the costing data were based on combined liquid and

solid propulsion experience. All costing was done directly proportional

to the component weight since only limited data were available.

The research and development costs of rocket propulsion sysLems

have been correlated with various techniques. IIowever, for the k,,_rid

system the following expression should give satisfactory engineering

costs for systems simular to the subject ba_system.

R&D Costs (Millions of) = 3.3
Dollars

( F/IO00)'4 (.90 + .Ol_!e ,u_j

+ CI,!enu

where

F = Thrust in pounds

C = First unit projection costs in millions of dollars

Nehu = Number of equivalent hardware units required in the development

program

_. = Learning rate factor

Parametric data on n,:brid costs are summarized in Table 2-Vi-II for

a range of pressures and thrust levels. The R&D costs are for fifteen

31.9
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TABLE VII

FIRST UNIT PRODUCTION COSTS

Fabrication and Assembly Cost

IHours IComponent_

Component 1 ]

Weight, ibs I

Cost pe.r houri
for labor

burde,n + G&AJ

'MuJtiplying fac- 1 [M_It'pIYing facto_

tot,o,._l.d__:in_lI|,oin_:,,_e.._in-|
test COSTS = C| J Leerihg planning j

: C z

Materials Cost

 O2r"
Enginee,ring and Tooling Cost .

EATC = [ Multiplying Factor

Total Manufacturing Cost

TMC =

Material Pound 1Cost / Component I

Component _ 1

Weight, .lbs.]

FAAC + MC + EATC

_-_3][FAAc+Mc]

Engineering Change s

t ' 4]IEC = Multiplying Factor = C FANG

Total Production Cost Includin_ Fee

[ ][ ][TPC = 1 + C 3 + C 4 FAAC,-:r MC I ÷

+Mc]

Percent Fee n:

loo j

The first unit production cost is predicted; ]earning rates can then be

applied to compute the average cost of a specific number of total unlts to b(:

produced.

3 @
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@

equivalent hardware units. In Figure 2-26 the first unit and R&D

cost are plotted as functions of propellant weight for the hybrid

system. The R&D cost is plotted in Figure 2-27 as a function of

the number of equivalent propulsion units used for testing.

The first unit propulsion cost per pound of payload appears in

Figures 2-28 as a function of thrust level for a stage velocity increment

of I0,000 ft/sec.
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3.0 FW-4S SOLID PROPULSION SYSTEM

0



O
3.1 SOLID PROPELLANT BASE SYSTEM DESCRIPTION

The FW-4S Solid Propulsion System was developed as a fourth stage

for the Scout Launch Vehicle. This system is now also used with other

booster vehicles. The motor uses a singl e start non-sterilizable

propellant and is described in the following pages taken from UTC

Brochure 65-8.
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\ I'

3.2 PARAmeTRIC SOLID MOTOR PERFORMANCE

The FW-4S motor is characterized for enly one grain design at

a single nominal pressure of 650 psia. Therefore, all of the design

variations are based on increasing the grain length and the throat

diameter while maintaining the grain diameter and the chamber pressure.

Pertinent solid propellant motor peformance and weight data for the

base design and its variations are summarized in Tables 3-I and 3-II.

The primary design variations available on the FW-4S motor are des-

cribed in L_C Brochure 65-20 which follows.
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3.3 SOLID MOTOR RELIABILITY ANALYSIS (RELIABILITY PREDICTION)

f--\

• ]

The motor consists of four major assemblies: the igniter, the case

and propellant, the attachment, and the nozzle. ]%_anufacturing of the igniter

assembly and propellant is performed by UTC, while the case and nozzle

are obtained by subcontract from vendors having reliability program

requirements as contractual obligations.

The general integrity of the motor, essentially as designed for flight

prototype, has been demonstrated by the firing of thirty-two Scout

motors. No significant reliability problems are anticipated which will

preclude the fulfillment of the reliability objective of . 98.

O 3.3.1 Motor Success Diasram and Reliability Model Summation

The functional success diagram for the motor subsystem is shown in

figure3-35 This diagram presents the major subsystems, each of which

must operate successfully for propulsion performance, in serial form.

The mission reliability mathematical naodel for the motor system is:

RMoto r = Rlgnition x Rcase x RNozzle x RAttach x l_Propellant

RMoto r =
(.99964) (.99991) ¢99986)(99999 + ) (99934)

•_' RMoto r = (.99875)

3.3.2 Ignition Subsystem

The ignition subsystem for the motor is a UTC-developed assembly.

The assembly consists of a forward-mounted rocket-type motor composed

of three major pyrotechnic components; two electrically actuated delay

................ initiators, a pelletized booster charge, and the igniter motor. The

igniter motor is loaded with an internal-burning propellant grain of an

ammonium perch!orate formulation developed by UTC. An allocation of

.99964 reliability was apportioned to the ignition subsystem. This can be
exceeded.
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@
A diagram of the electrornechanical and pyrotechnic components of

the ignition subsystem is shown in figure 3-36.

DELAY

SQUIB TRAIN

DUAL CONNECTORS

& BRIDGEWIRES I -

Su,BlDELAYII

DUAL INITIATORS

B-KNO 3 PELLETS IGNITER MOTOR
iGNITION

OF
XSR 57-UT-I

Figure 3-36. Ignition Subsystem Reliability Diagram

3.3.2.1 Failure Mode and Effect Analysis

@

The ignition subsystem reliability during the countdown and launch

phase is based upon an analysis of possible failure modes, their probabil-

ity of occurrence, and their consequence on mission performance.

Results,._of the analysis are shown in table 3-III.

3.3.2.2 Mathematical Model and Estimation

The ignition subsystem for the Scout contains the following inter-

connected, but independent, components:

A. Dual-delay initiators

B. B-KNO 3 pellets

J

C. Igniter motor.

The assemblies, except for the dual-delay initiators, (which contain

redundant units,) consist of nonredundant, serially operated components.

There are redundant bridge wires in each initiator.

The specified design limit for operation of the delay train is

6.0 ± 0.5 sec. This is the time from electrical activation to pellet igni-

.......... -tion. -The delay_rain may fail in the-following three modes: _ .

Q
A. Delay train inoperative

3e,z
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O

B. Delay train burns less than 5.5 sec

C. Delay train burns longer than 6.5 sec.

The probability of the delay train failing is equal to the probability

summation of modes B and C above. In addition, modes A and B are

equally probable. With the above assumption, the reliability of the igniter

system may be expressed as:

Rlgnition = { (ZRc

Where:

R
c

R S

Rdt

Rds

Rp

R M

-RZc)RSRdt RdslZ-(ZR c

= Reliability of the connector and bridgewire

= Reliability of the squib

= Reliability of the delay train

= Reliability of the delay train not failing short

= Reliability of the B-F_qO 3 pellets

= Structural reliability of the igniter motor.

From past UTC experience, IDEP data and generic failure rates the following

reliabilities are estimated for the environment expected.

R = .99999
c

R S = . 99750

Rdt = .99750

Rds = .99875

Rp ,_ .99969
From table31V,whicl% is the structural reliability of all the Scout motor

components, the structural reliability (R M) of the igniter is . 99999. Sub-

stituting these reliability values into the ignition reliability mathematical

.................. model, equation ............

O
Rlgnition = (.99996) ($9969) (.99999+)

= (.99964)
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3.3.3 Case Subsystem

The case subsystem shown in figure 3-_7onsists of three statistically

independent, serially related assemblies; the case assembly, the insula-
tion the liner.

CASE

ASSEMBLY
INSULATION _ LINER
ASSEMBLY ASSEMBLY

Figure 3-_ase Subsystem Reliability Model

3.3.3.1 Failure Mode and Effect Analysis

A summary of possible failure modes, their probability of occurrence

during the case subsystem flight action time T-0 to T+37sec and their resultant

failure effect and consequence on the mission are presented in table

3.3.3.2 Mathematical Model and Estimation

The case subsystem reliability is defined as the probability of the

concurrent performances of the assemblies within their respective limits.

From the above assumption, the case subsystem reliability is:

RCase = K C x R I x R L

where :

R C = The probability that the case will successfully retain
the products or propellant combustion for the duration
of the mission

P'I = The probability that the insulation will successfully with-

stand the heat of combustion

O

- /L-7-
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R L = The probability that the liner will successfully hold the

bond between the case and the propellant or the bond

between the insulation and the propellant

f-.

@

3.3.3.3 Reliability Prediction

The design reliability R C considers the motor case and the polar

adapters requirements from table IV.

R C = {.999999) 3

I{C = .999997

United

TechnologyCenter's past experience w:th this insulation assembly and the

liner assembly indicates that the reliability demonstrated for both assem-

blies is .999999. Substituting these values into the mathematical model,

the case subsystem reliability is:

/ ,

x

@

Rcase = (.999997) (.999999) (.999999}

= .99999 +.

3.3.4 Nozzle Subsystem

The nozzle chokes flow and provides for expansion of the gases at

subsonic and supersonic velocities. The reliability diagram of the nozzle

is shown in figure 3-38

NOZZLE THROAT FLANGE. EXIT CONE

Figure 3-3_ozzle Subsystem Reliability Diagram

--/It-
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O
The nozzle subsystem consists of three statistically independt:nt assem-

blies; the nozzle throat assembly, the nozzle flange assembly, and the exit

cone assembly.

3.3.4.1 Failure Mode and Effect Analysis

A summary of possible failure modes, failure effects, a: ,_nission

consequences is presented in table 3-VI

3,3.4.2 Mathematical Model and Estimation

The nozzle subsystem reliability mathematical model is:

R N = R T x R F x REG

Where:

R T

R F

= The probability that the nozzle throat assembly will suc-

cessfully provide for expansion of the combustion gases
for the duration of the mission without structural failure

The probability that the nozzle flange assembly will suc-

cessfully retain its structural integrity "while under

mission environments for the required duration of the
mission

REG = The probability that the exit cone assembly will success-

fully provide containment of combustion gas expansion

for maximum thrust generation.

Substituting the structural reiiabilities into the mathematical model,

the reliability for the nozzLe subsystem is:

RNozzle = (.999999+) 3

= .99999 +.

3.3.5 Attach Hardware Subsystem

......................... _fhe--attach hardware subsystem consists of a forward attach to the

payload and an aft attach to the lower stage. The attach hardware diagram

is shown in figure 3-39.
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FORWARD

ATTACH

FITTINGS

AFT

ATTACH

FITTINGS

Figure 3-3_ttach Hardware Subsystem Reliability Moded

3.3.5.1 Failure Mode and Effect Analysis

A summary of the possible failure modes, failure effects, and mission

consequences is presented in table 3-Vll.

3.3.5.2 Mathematical Reliability and Estimation

The reliability of the attach hardware subsystem is the probability of

successful maintenance of structural integrity such that the mission is a

success. The attach hardware reliability can be described in the following

manner :

RAttach =RFp x RAp

Where:

RFp = The probability that the forward polar fittings will main-

tain their structural integrity

RAp = The probability that the aft polar fittings will maintain
their structural integrity.

From table the reliability for the attach subsystem is:

RAttach = •99999.

3.3.6 PROPELLANT RELIABILITY

The two critical parameters which determine performance and their

......... three-sigma limits are listed in table3V!IIThese factors are very much in-
terdependent so that the usual assumption of independence made in relic: .......

bility calculations is invalid. The failure of the motor to meet one parameter

while meeting the other, is very unlikely. The degree of dependence is-assumed to be equally distributed between the two parameters and is the result

of propellant mix variations. The variations in turn would be the cause of

failure modes presented in Paragraph 4.1.7.2.
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@ TABLE 3-V!II

PROPELLANT PERFORMANCE RELIABILITY

Specification Specification

Parameter Mean Three-Sigma Limits P Not Failing

Impulse 175,000 ib-sec !3500 Ib-sec .99987

Action time 37.48 sec +5.25 sec .99987

3.3.6.1 Failure Mode and Effect Analysis

A summary of the possible failure modes, failure effects and mission

consequence is presented in Table 3-iX.

@

3.3.6.2 Mathematical Reliability and 2stimation

The reliability of the propellant is the probability that the impulse

and action time will meet the nominal 3 .- specification limits and the

propellant strength will not be exceeded. This can be

described in the manner below:

Rpropellant = PAction Time x Plmpulse x RStrength

Rpropellant = .99934

O
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3.3.6.3 Reliability versus Total Impulse Cutoff Accuracy

The reliability of the propellant is dependent upon the

specification limits. As the specified cutoff impulse accuracy

is increased, the probability of meeting the requirement decreases

unless quality control measures are increased at additional cost. In

figure 3-40 the probability of meeting impulse specifications is

plotted as a function of percent total impulse cutoff accuracy.

This curve is for the present UTC Scout Motor. Both cutoff accuracy

and propellant reliability of the mQtor can be increased at additional

cost.

Q

//_ 8V9



0
999

0

I-4
E-_

L)
I-4

I--4

r_

L_

I-4

0

I-4

I-4

o

99

90

70

50

30

10

DESIGN PO Ik_f

t

.5 i:.0 1.5 2.0 2.5

Percent TOtal Impulse
i

CUTOFF SPECIFICATION

Figure 3-40

i

Q

_0



@ 3.3.7 Reliability Growth Of The FW-4S Solid Motor

The reliability growth curve shown in figume3-41 is the result of

plotting accumulated firings against the lower 90% confidence limit of

a Poisson success distribution. Failures shown by the dips in the curve

were excluded from the fired population if corrective action was taken

and that corrective action resulted in three (3) consecutive successes.

This results in a conservative estimate of the lower limits of the

reliability. It does not consider the reliability growth resulting

from the removal of an obvious failure mode. On the other hand it re-

moves from the population a failure mode which no longer exists.

The solid motor reliability growth is based on the UTC Scout 4th

Stage which shows a steady upward reliability growth based upon well

developed solid motor technology. During this program two failures have

occurred, the first was the last motor of the development series and was

of such a nature that only a slight redesign of the case was required.

The second failure occurred during a recent flight and necessitated an

extensive nozzle redesign. This failure mode will be excluded in the

future. If successful, the growth curve will follow the upper dashed

line as the maximum reliability growth, assuming no failures. The

lower dashed line represents the lowest expected reliability growth

after two successive failures.

@
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3.4 SOLID MOTOR SYSTEM DEVELOPMENT AND PRODUCTION COSTS

The system development and production costs of the FW-4S are

summarized in Table 3-X. The percentage distributions of the total cost

into pertinent catagories are presented in Table 3-XI. Any variation of

the basic FW-4S motor length would require a short development program

which would cost approximately 25% of the FW-4S deyelopment program.

The variation in production cost is plotted in figure 3-42 as a function

of propellant weight.
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PROPRIETARY INF0 P_[ATI0N

TABLE 3- X

I_4S SYSTEM DEVELOP_ENT AND PRODUCTION COST S_,[MARY

Development Cost Millions of Dollars

Production Cost
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FW-4S

TABLE 3-XI

COST BREAKDOWN

DI,:V 1,:.501NI,,'NT C.O'qq-_,:;

System Requirements:
Total Seconds Te;:ting : 250

<

@

Propulsion

System

i]_Jpropellant

Solid

FW-4S

I_brid

IHi Pc Pumped

...... /-1_ IMon_qp_rop,

I '1_(,I _lJ_'.'1'I (H'd C(X ;'l; ',

Propulsion

System

Bipropellant

Solid

Vmnoprop.

@
livbrid

Hi P Liquid
c

Er_ 'g.

Percent of Total Cost of Development

28

4anufac-

turing

}far,ware Testing _ual. Ass_u", Pr'og.

(___re_-_qua_.]:L _Te st___in_g ........ Managmt..:___

37 20
.............................

N/A 2
...............................

ACS

Ap pl i ca -

tion

System Requirements : No. lhliLs : 7

Percent of Unit Production Costs

Fabri-

cation

I
Material

Kng 'g. &

Tooling

Final

Test Facilities!

Bipropel.

- 26 ..... 14 ............ ... _.l&....... -26
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4.0 VOYAGER MISSION ANALYSIS

A preliminary design study on a Voyager de-orbit solid motor is

in progress at UTC. The study has not been completed, however, some

probable design parameters of the de-orbit motor are listed in _able

4-I. This motor design uses a sterilizable solid propellant, which

consists primarily of AP and UTREZ binder with no metal additive.

The motor design parameters resulting from the FW-4S parametric

data are listed in Table 4-i. The ratios of the parametric data to

the preliminary design data are also taoulated for comparison. The

relatively large differences between the two motor designs are due

primarily to the slower burn rate and lower specific impulse of the

steriiizable propellant.
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5.0 CONCLUSIONS AI!D RECO_IEEDATIONS

5.1 HYBRID MOTOR DESIGN CRITERIA

i. Development status of hybrid propulsion systems required

extrapo_tions of vacuum performance data from sea-level demonstration

firings. High altitude tests are required to confirm the kinetic

loss, nozzle flow loss, and the predicted motor performance. As high

altitude performance data becomes available in future programs the

performance analysis should be upgraded.

2. Reliability predictions for the hybrid propulsion system was

based upon analytical evaluation of the hybrid base system used in

this report. The inherent reliability of .9944 is a probable upper

limit for non-redundant hybrid upper stage propulsion systems. As

flight data, becomes available in future programs the hybrid reliability

analysis should be upgraded.

3. Cost predictions for the hybrid system were based upon

data for liquid propellant feed systems, solid propellant motor pro-

duction data and hybrid motor demonstration programs. As cost data

becomes available from future hybrid development and production programs,

the hybrid cost analysis should be upgraded.

4. Application of hybrid propulsion systems to missions re-

quiring pulse mode operations was not considered to be practical with

state of the art technology.

..........................5-- The effect-of sterilization on hybrld design criteria Was

not evaluated in this study due to lack of readily available data.

0
Sterilization data should be prepared for hybrid propulsion systems

due to the probable requirement for sterile propulsion systems in many

future missions. 390
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6. This study was limited to presenting parametric hybrid

data on the FLOX-Lithium fuel system demonstrated under NASA

Contract No. NAS7-311 which was readily available. The reliability

data presented in this report would be similar for earth-storable

hybrid systems. However, both the cost and performance for non-

sterilizable earth-storable propellants would be between i0 to 20%

lower depending on the propellant system and mission requirements.
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5.2 SOLID MOTOR DESIGN CRITERIA

I. The solid propellant motor design criteria was limited ex-

clusively to the UTC FW-4S upper stage motor in accordance with the

scope of UTC's participation in this _ASA study. The parametric

solid motor design criteria is this report was therefore limited

in range to the practical extension of the nominal FW-4S design

specifications.

2. The relatively large difference between the Voyager de-

orbit propulsion system evaluation using the parametric design

curves in this report and a recently completed b_C preliminary design

study independent of this contract resulted primarily from the

sterilization requirement.

3. This report was limited to presenting parametric solid

motor data on the _-4S system. The performance, grain ballistics,

cost, and reliability of solid motors vary with the amount and type

of metal loading in the propellant. These effects could be evaluated,

but would require additional data compiling and analysis beyond the

scope of this study.
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